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ABSTRACT
THE MECHANISM AND KINETICS OF CONWAY GRANITE WEATHERING IN
AQUEOUS SOLUTIONS AT LOW TEMPERATURE AND PRESSURE
BY
Zhaosong Lu 
University o f New Hampshire, September, 1997
Radon, a carcinogenic radioactive gas and a contamination in household air and 
drinking water, has been an environmental issue of great concern in New England, 
particularly in the Concord and Conway granite areas o f New Hampshire. One o f the 
major factors controlling the releases of radionuclide is the weathering rate. In this 
project, two Conway granite samples collected from the Redstone Quarry, Conway, NH. 
were weathered in laboratory by several solutions (HN03, H2S04, ^ C ^ O ^  KHP, 
catechol, EDTA, and humic acid) using several methods (batch, FBR, and surface 
titration).
The release o f all cations except K follows a typical parabolic pattern. K is first 
rapidly released then diffuses back into the weathering altered layer and is fixed. The high 
weathering capability of catechol is due to its preferential dissolutions o f Si and Al.
EDTA and oxalic acid have combined effects of proton- and ligand-promoted 
dissolutions. Humic substance has a much lower weathering capability than expected 
from their cation complexing capacity. The general weathering order is H^O <0.01 M  
(NHJ;C20 4 < 0.01 Af KHP = 0.01% HA-Na < 0.01 M  catechol < 0.01 A/EDTA-2Na = 
0.01 N  HNO, < 0.01 ^ H jS 0 4 < 0.01 ATHAO,
The laboratory weathering rates (kg m 2 r 7) are 2.82 x 10*M - 3.30 x 10'12 for 
Conway granite, 2.06 x 10*12 - 7.01 x 10'12 for biotite, 5.21 x 10~13 - 5.28 x 10*12 for
X
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
perthitic microcline, 5.18 x 10*13 - 2.61 x 10*12 for plagioclase, and 4.18 x 10‘16 - 1.74 x 
10*14 for quartz, respectively. The converted field rates (kg m'2 watershed srl) would be 
1.41 x 10'10- 1.13 x 10*8 for Conway granite, 6.18 x 10'10 - 2.10 x 10*9 for biotite, 1.11 x 
1 O'9 - 1.35 x 10*8 for perthitic microcline, 7.05 x 10'10 - 1.67 x 1 O'8 for plagioclase, and 
7.52 x 10*13 - 3.13 x 10*u for quartz.
The Conway granite weathering mechanism involves three successive steps: (1) 
instantaneous exchange of alkali cations and rapid desorption of non-network former 
cation; (2) gradually build-up o f a residual layer depleted in cations but enriched in Si 
and/or Al; (3) slow dissolution o f the residual layer. EC reversal diffusion and internal 
fixation exists during the whole weathering process.
xi
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INTRODUCTION
Radon (Rn222) is one o f the daughter products of both thorium and uranium decay. 
It is a carcinogenic radioactive gas and has been linked to various forms o f cancer (Otton 
et al, 1993). Radon contamination in household air and water has been an environmental 
issue of great concern in New England, particularly in the Conway and Concord granite 
areas in New Hampshire. The highest Rn222 level ever recorded in the world in either well 
water or indoor air were measured in New Hampshire — the former from a well drilled 
in Concord Granite, and the latter in a house built on Conway Granite. Radon can travel 
easily through the soil, but very slowly through water (Gee et al, 1983) and negligibly 
through minerals and non-porous rock (Hall et al, 1987). Thus it can accumulate in 
basement and well water. Radon has a half-life of only 3.8 days, after which it decays 
into polonium which remains in human body where it can damage tissue and cause 
cancers.
Two New Hampshire granites—the Conway Granite and Concord Granite contain 
considerable amount of U238 as well as Th230 (Hurley, 1965; Richardson, 1964; Rogers 
and Ragland, 1961). The Conway Granite is well-known for its high radioactivity. It is 
more than twice as radioactive as the average U.S. igneous rock. This has led to a variety 
of research concerns ranging from the use of this formation as a low-grade source of 
Thorium (Adams et al, 1962), to changes in Th and U distribution due to hydrothermal 
alternation (Brimhall and Adams, 1969), and also as a potential energy source (Osberg et 
al., 1978). The radioactivity o f Concord Granite is nearer the average of all U.S. igneous 
rocks. These two rock formations cover 10.4% of the land area in New Hampshire; 
Concord granite occupies over 325,000 acres in SW New Hampshire, and Conway 
granite covers more than 270,000 acres between lakes Ossipee and Umbagog.
i
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The availability, mobility and concentration of radionuclides in the environment 
depend on two factors. The first is the contents and the radiochemical and chemical 
properties of these radionuclides, and the second is the release rates of radionuclides from 
granites into environment The radionuclide contents in Conway and Concord granites 
has been well characterized, but the granite weathering and the factors affecting the 
weathering have no t Understanding the mechanism, kinetics, and processes of granite 
weathering and the factors influencing the weathering, such as pH and the types and 
contents o f organic substances in the weathering solution, will lead to a better 
understanding on the impacts o f acid rain and soil organic matter on granite weathering 
and, consequently, the radon contamination issue. In addition, rock and mineral 
weathering studies can provide essential data to research areas such as geomorphology, 
mineralogy, geochemistry, and soil science (Colman, 1986; Velbel, 1986; White and 
Brantley, 1995).
This research investigates in the laboratory: 1) the properties of elemental release, 
particularly potassium release, from Conway granite weathering; 2) the weathering 
capability of different organic and inorganic solutions which simulate acid rain and 
different soil solutions; 3) the weathering rates o f Conway granite and its constituent 
minerals; 4) characteristics o f surface reactions during the weathering process, and of the 
Conway granite weathering mechanism.
2
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CHAPTER I
LITERATURE REVIEW
Relatively little information is available on the mechanism and kinetics of granite 
dissolution, but numerous studies of this type have been conducted on oxides and pure 
silicate minerals. These minerals includes various feldspars (plagioclase, albite, 
oligoclase), biotite, olivine, kaolinite, microcline etc. Based on these pine mineral studies, 
different theories of weathering mechanism and kinetic rate laws have been developed. 
Since some of these minerals are present in granite, the data obtained and theories 
developed from pure mineral weathering experiments should be useful in the study of 
granitic rock weathering. Thus, for the theoretical aspect of this review most of the data 
and theories come from the studies of pure mineral and oxide dissolution.
Mechanism and Kinetics of Mineral Weathering
Mechanism of Mineral Weathering
Numerous studies have been conducted on the weathering of silicates and oxides, 
resulting in various hypotheses about the mechanism and kinetics of mineral weathering 
processes. Among these hypotheses two major mechanism models are most widely 
accepted. One is a diffusion layer controlled model and the other is a surface reaction 
controlled model. According to the diffusion layer controlled model the mineral 
dissolution rate is controlled by a diffusion layer built up on the mineral surface during 
the weathering process (Figure 1.1). Because dissolution reactants and products must 
move through this layer, the rate of elemental release and, hence, mineral weathering rate 
is controlled by this diffusion layer (Busenberg and Clemency, 1976; Chou and Wollast,
3
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0—1
uT-u u i. i.
Fig. 1.1 Dissolution of aluminosilicate. The states o f the system corresponding to times 
tg = 0, tj, t2, t3, t4.1 — Bulk thickness o f mineral: II — disturbed surface layer of 
constant thickness L —l4 ~ l4: the constant thickness established at time t3, IE — 
retreat o f surface due to structural collapse at time t2; IV — surrounding solution. 
( simplified from Pace (1973)).
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1984,1985; Eggleston et al 1990; Helgeson, 1971,1972; Hellmannand Hellmann, 1994; 
Luce et al, 1973; Paces, 1973; Wollast, 1967; Wollast and Chou, 1985, 1992). This 
mechanism was based on the non-stoichiometric dissolution and the observed parabolic 
kinetics. The model has two subgroups. Wollast (1967) and Helgeson (1971,1972) 
believed that the diffusion process is coupled with a subsequent precipitation reaction, 
occurring at the outer part o f the diffusion layer, which consequently lowers the rate of 
dissolution. Others (Chou and Wollast, 1985; Correns, 1961,1963; Hellmann and 
Eggleston et al, 1990; Paces, 1973; Varadachari, 1994) believed that there is no 
secondary precipitation at the outer part of the diffusion layer but the diffusion layer can 
reach a constant thickness when the formation rate at inner part of diffusion layer equals 
the dissolution rate at outer part of the layer. It is this constant thickness makes the 
dissolution rate approach to a constant
The second main mechanism is a surface reaction-controlled or surface 
coordination-controlled model (Berner, 1978; Busenberg, 1978; Furrer and Stumm, 1986; 
Holdren Jr. and Adams, 1982; Holdren Jr. and Berner, 1979; Lasaga and Soier et al,
1994; Ludwig and Casey et al 1995; Petrovic, 1976; Petrovic et al, 1976; Schott, 1990; 
Stumm and Wieland, 1990; Stumm and Wollast, 1990; Zinder and Furrer et al, 1986). It 
has been suggested, in this model, that mineral dissolution is controlled by the hydrolysis 
reaction (protonation and deprotonation) and/or complexing reaction o f metal with 
organic ligands at the activated sites on the mineral surface. The overall incongruence 
observed during dissolution was attributed to a secondary aqueous phase precipitation of 
aluminum hydroxides or aluminum silicates which are distinct from the mineral surface. 
The observed parabolic kinetics is due to fast dissolution of broken bond areas and edges, 
particularly these tiny mineral particles adsorbed on the surface of mineral grains. These 
tiny particles were created during sample preparation.
5
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Kinetics of Mineral Weathering — Rate Laws
Corresponding to the two major mechanism models, there are two major kinetic 
models (rate law equations) for the mineral dissolution reaction.
Parabolic Rate Law
The parabolic rate law is mainly for the diffusion layer controlled weathering 
mechanism. It can be expressed as the equation
nti = k t n (1.1)
where: m, the concentration of element i in the solution; krate constant; t weathering 
time; n a constant related to the mineral and weathering solution. This rate law is not as 
widely used as the diffusion controlled mechanism model.
Proton- and Ligand-promoted Dissolution Rate Law
This kinetic rate law is associated with the surface reaction controlled mechanism. 
The proton- and ligand-promoted dissolution model is multi-step, the first step being the 
adsorption ofH+, OH', H2O, and organic ligand to the reaction sites. Surface complexes 
are formed according to the surface coordination chemistry of mineral, but the rate- 
determining step is the break-down of the surface complexes into weathering products. 
Therefore, the mineral dissolution rate is proportional, according to the surface chemical 
coordination, to the concentration o f the complexes formed on the surface, rather than to 
the H+ or organic ligand concentration in the bulk solution. This rate equation is shown as 
in equation (1.2).
Rt0t ~ Kh (Cf/M + Kqh (Colfy  + Kl (Cls)  + K'fj20 (1.2)
where Crf , Colf , and Q*are the proton, hydroxide, and organic ligand concentrations 
on the surface; Kff' ,K OH, Kl and K!m o are apparent rate constants for H+-, OH*-, H20 -  
, and ligand-promoted dissolutions; / and j  are constants related to oxidation numbers of 
central metal ions in the crystalline lattice. Figure 1.2 is the schematic representation of
6
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the dissolution reaction with different reactants (Stumm and Wollast, 1990; Furrer and 
Stumm, 1986; Stumm and Wieland, 1990).
The rate order (f and /) is usually an integer corresponding to the oxidation 
number (or coordination number) of the center metal cation in an oxide. For example, the 
rate orders are 2, 3, and 4 for BeO and MgO, AI2O3 and Fe2C>3, and amorphous silica, 
respectively. In the case of multi-oxide dissolution, such as basalt glass, the reaction 
constant is not an integer. It seems to reflect the mean oxidation value of the network 
former metals o f the multi-oxides, n = £cti Z\ , where a-, and Z\ represent the mole 
fraction and the oxidation number o f a network former metal i (Schott, 1990).
An interesting result about ligand-promoted dissolution came from study by 
Ludwig and Casey et al. (1995). Their results indicated that the activated surface complex 
resemble the corresponding dissolved complexes and the dissolution rate constants of 
ligand promoted dissolution can be predicted from the equilibrium constants for a metal 
complexation reaction.
Lasaga’s Rate Law Equation
A variant of the surface reaction controlled rate law equation was developed by 
Lasaga and coworkers (Lasaga, 1981a-d, 1984, 1986, 1990; Lasaga and Soler et al, 1994), 
based on a surface coordination mechanism. They believed the most important factors 
influencing the mineral dissolution rate are pH and temperature. The unique aspect of this 
rate law equation is that the dissolution rate is related to the equilibrium state o f the 
dissolution reaction. The general form o f the rate law was;
Rate = K ^ J Z -M R T  „ f[ Gi nif(bG r) (1.3)
1
where Amin is the reactive surface area of the mineral, and Ea is the activation energy of 
the overall reaction of dissolution and K0 is the rate constant. AGr is the Gibbs free
7
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energy change for the dissolution reaction, indicating the state of the reaction from 
equilibrium. The pH dependence of the dissolution and precipitation has been written 
explicitly in equation (1.3). The term involving the activity o f other species in solution. 
a„ incorporates other possible catalytic or inhibitory effects on the overall rate. Such 
catalysis or inhibition is kinetically quite distinct from the final term f(b£}r), which 
accounts for the important variation of the rate with the deviation from equilibrium (A 
Gr=0). The restriction for f(AGr) equation is that it must meet the conditionyT0)=O. That 
is, at equilibrium, dissolution rate equals zero. Using concentration (or activity) of 
adsorbed reactants on the mineral surface the general form is
Rate = K A J S & K T  Xh. * ,  *** n  -* U  n,adt/(AGrJ (1.4)
i
where for most reactions, equilibrium can be assumed between the mole fraction of 
adsorbed species on the mineral surface, X Uads, and the solution composition. For any 
given mineral then, Xiads will be a function o f pressure, temperature and solution 
composition. According to Lasaga and Soler et al (1994), in practice only two terms are 
needed to describe the kinetics data. Thus in many cases one would have
^-tninXo.acid f ^ G , )
^ basic e-&. (&g , )  (i.5)
This equation is similar to the proton- and Ligand-promoted rate law equation.
Mineral Weathering Mechanism and Kinetics 
Diffusion Layer vs. Surface Reaction
The diffusion layer controlled model is a relatively “old idea” (Schott, 1990), but 
it is one o f the best models to explain the parabolic elemental release curve. This model is 
facing challenges from new results obtained from surface titration and the application of 
advanced techniques such as scanning electron microscopy (SEM), X-ray photoelectric
9
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spectroscopy (XPS), and resonant nuclear reaction (RNR). The diffusion layer model 
seems to be losing ground to a relatively younger model — the surface reaction controlled 
model. The surface reaction controlled model is based on transition theory. It was 
developed in late 1970’s after a few intensive kinetic studies on oxide interaction with 
solutions. It has been developed during 1980’s and early 1990’s into a promising model 
(Schott, 1990). The experimental data from surface titration and new techniques 
mentioned above are the major evidence supporting the model.
Although the new research does provide strong evidence for a surface reaction 
controlled model, it also provide new support for the “old idea”. Chou and Wollast (1984, 
1985, 1989) and Wollast and Chou (1992) have provided very strong evidence that an 
altered layer (or residual layer) depleted in Na, but relatively enriched in Al and Si is 
formed on the surface during albite weathering both by batch and fluidized bed reactor 
methods. In addition, their results showed Na desorption from the albite crystal structure 
and negatively charged site formation during albite weathering. Protons and complexing 
ligands do not participate in this process. At the same time, although the surface reaction 
controlled model has strong backup evidence from surface titration studies, it has 
difficulty explaining the formation of an altered layer during the mineral weathering 
process. The surface reaction controlled model can easily explain the altered layer in case 
of proton-promoted dissolution, but it is not so easy to explain the altered layer in the 
case of ligand-promoted dissolution, because the organic ligand can only form complexes 
on the mineral surface. It is impossible for organic molecules to penetrate into the mineral 
crystal structure. It is even harder for the surface reaction controlled model to explain the 
steady-state weathering mechanism commonly observed in the second stage of mineral 
weathering. Because H+ can penetrate into the inner crystal structure of the mineral to 
form complexes, the release rate should not decrease and approach to a constant as the 
weathering proceeds if the diffusion process doesn’t play a role. It is almost impossible 
for the surface reaction controlled model to explain the rapid cation release commonly
10
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observed at the early stage of a mineral weathering. The surface reaction controlled 
model was used to attribute this rapid cation release to the rapid dissolution of the tiny 
particles which are created and adsorbed on the surface of mineral grains during sample 
preparation (Holdren and Bemer, 1979; Huang, 1989). Several studies, however, showed 
that the rapid release still exists after the removal o f those tiny particles by ultrasonic 
cleaning or by preexposure to an acid solution (Chou and Wollast, 1984).
Regardless of the model, it seems that surface characteristics and surface 
speciation play a very important role in the kinetics and mechanism of mineral 
weathering. Berner’s group first demonstrated that a  detailed study of dissolving mineral 
surface chemistry was a prerequisite for understanding dissolution kinetics and 
mechanisms (Petrovis et al, 1976; Holdren and Berner, 1979; Bemer et al, 1980; Schott et 
al, 1981; Bemer and Schott, 1982; Schott and Bemer, 1983). This group has shown, using 
SEM, XPS, and NRN, that dissolution is controlled by chemical reactions at the mineral 
surface. In addition, they have shown that dissolution occurs preferentially at discrete 
surface sites, such as dislocations, edges, and microfracture. The chemical process 
occurring at the solid-solution interface have been modeled by Lasaga (198 Id) and 
Aagaard and Helgeson (1982) using transition state theory, resulting a rate law as shown 
in equation (1.3). Although many aspects of the formation and stoichiometry of the 
activated complex remain uncertain, it is clear that a major step in mineral dissolution is 
H2O, H+, OH' adsorption onto the reactive sites and adsorption of complex building 
ligands that weaken the critical metal-oxygen bounds. Among these species H+ (or H3 0 +) 
plays a central role.
The surface reaction model was further developed by Stumm’s group into a 
proton-promoted and ligand promoted dissolution model (equation 1.2 and Fig. 1.2) 
(Furrer and Stumm, 1986; Zinder et al, 1986; Stumm and Furrer, 1987; Stumm and 
Wieland, 1990). Using surface titration techniques and the double layer concept, This 
group studied the dissolution of oxides such as AI2O3, BeO, and Fe203 , and, based on the
1 1
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data, postulated a chemical speciation model for the weathering mineral surface.
Wollast and Chou have applied this surface reaction model to the kinetic study of 
feldspar (albite) dissolution (Chou and Wollast, 1984,1985, 1989; Wollast and Chou, 
1985, 1992). They have shown that albite dissolution is strongly influenced by the 
speciation o f the albite surface. The dissolution o f albite involves three successive steps: 
1) rapid exchange o f alkali ion (Na+) by H+ and rapid desorption of Na+ at the albite 
surface resulting in formation of an H-feldspar and producing negatively charged surface 
sites. 2) a rapid build-up of a Na-depleted layer but relatively enriched in Si and/or Al. 
This layer is up to 100 A thick, depending on the pH of weathering solution. 3) the slow 
dissolution o f the residual layer at the solid-solution interface, accompanied by ion 
diffusion from the fresh feldspar boundary, leading to a steady-state dissolution stage. 
The rate o f the third step is controlled by the decomposition of activated surface 
complexes, whose configurations depends on pH and dissolved cations concentrations.
Comparison of Laboratory and Field Weathering Rate Data
There are two widely used approaches in the study o f rock and mineral 
weathering rates. A field study approach derives weathering rate from geochemical mass 
balance o f elemental fluxes in a natural watershed (Johnson et al, 1968; Velbel 1985, 
1986; Paces, 1983; Sverdrup and Warfving, 1988,1995; Frogner, 1990; Drever and 
Clow, 1995). The alternative is single mineral weathering experiments in the laboratory 
from which laboratory rates are obtained and used to model solute fluxes in the field 
(Lerman, 1990; White and Bantley, 1995). The geochemical mass balance approach is 
usually used for “big-scale” weathering studies, such as global weathering rate calculated 
from chemical discharges by world’s rivers into sea. The weathering rate obtained by 
such manner is usually an “average” estimation and the rate value is usually a large range, 
not a specific value. The estimation may be imprecise due to difficulties in measuring 
leaching, atmospheric inputs, and cation exchanges. This approach, however, can be used
12
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in the study of the weathering rate in a well-defined watershed and a more accurate 
result can be achieved (Johnson et al 1968; Wakatsuki, 1992).
Laboratory weathering is an effective way to study the weathering mechanism, 
but some field geologists believe the rate data is not useful because the laboratory 
weathering conditions are simple compared to the real world (Casey et al, 1993). 
Nevertheless, a voluminous literature exists on the mineral dissolution rates in the 
laboratory, while geochemical kinetics studies on natural silicate mineral weathering 
systems are less abundant The literature on natural systems is, however, growing rapidly 
(Velbel, 1986; Bemer, 1978; Lasaga 1981a, b, c, 1984; Pace, 1983). The attempts to 
relate and compare laboratory weathering rates to natural weathering rates are only efforts 
of the last decade or so (Lasaga, 1984; Casey et al, 1993; Velbel, 1986,1993; Drever and 
Swoboda-Colberg, 1989; Swoboda-Colberg and Drever 1993; Sverdrup and Warfving, 
1988, 1995; Frogner, 1990; Schnoor, 1990). These efforts, have resulted in inconsistent 
opinions on the value o f studying rock- and mineral-water interaction rates in the 
laboratory. Casey et al (1993) compared the dissolution rates of olivines in laboratory and 
natural settings, concluding that the appropriate level o f  comparison is at the scale of 
reactivity trends. It is unreasonable to expect quantitative similarity in reaction rates.
Most studies, however, found that mineral weathering rates calculated from geochemical 
mass balance in natural watersheds is usually one to three orders of magnitude slower 
than laboratory weathering rates (Velbel 1993; Drever and Swoboda-Colberg, 1989; 
Swoboda-Colberg and Drever, 1993; Forgner, 1990; Schnoor, 1990).
The discrepancy between field and laboratory rates is usually attributed to the 
difference in weathering conditions. Such things as mineral surface area, active surface 
area, hydrologic conditions, chemical affinity, dislocation density and partial coating, 
chemical saturation o f  weathering solution, and distance from equilibrium of dissolution 
reaction all differ between laboratory and field (Hochella, 1990; Casey et al, 1993;
Velbel, 1993; Swoboda-Colberg and Drever, 1993; White and Bantley, 1995). Faced with
13
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a volume of laboratory weathering rate data, one natural question is how to best relate 
these laboratory results to the field. There is a  need to predict field weathering rates from 
the laboratory weathering results, and use the laboratory data to modify and improve 
geochemical modeling (Velbel, 1986, 1993; Sverdrup and Warfving, 1995). Velbel 
(1993) made one interesting and important observation on comparing laboratory and field 
weathering rates: viz., the ratio o f mineral weathering rates for a given silicate-mineral 
pair, determined by an internally consistent field study, equals the ratio of rates for the 
same minerals in any internally consistent set o f laboratory experimental data. Thus, the 
coefficient which corrects the weathering rate for any mineral from laboratory data set to 
a field setting is identical to the corresponding coefficient for any other mineral in the 
same data sets. The “correction factor” linking experimental and natural rates is 
independent of composition.
Factors Influencing Dissolution Rate of Minerals in Aoueous Solutions.
pH
pH is one of the most important factor influencing mineral dissolution. Numerous 
studies (Bloom and Erich, 1987; Blum and Lasaga, 1988,1991; Furrer and Stumm, 1986; 
Brady and Walther, 1989,1992; Carroll and Walther, 1988, 1990; Chou and Wollast, 
1984; Helgeson et al., 1984; Knauss and Wolery, 1986,1988, 1989; Stumm and Wieland, 
1990; Tole et al., 1986; Wieland et al., 1988; Schweda, 1989; Rose, 1991; Casey et al., 
1993; Xie and Walther, 1992; Wogelius and Walther, 1991, 1992; Schott, 1990; Lasaga, 
1984) have proved this point The typical feature of aluminum-silicate mineral 
dissolution dependence on pH is that dissolution decreases with increasing pH in acid 
region; it is pH independent or slightly dependent near the neutral regions (pH =5-8) and 
dissolution increases with increasing pH at pH > 8 . In term o f rate law, the relationship 
can be expressed as
14
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Rate = Ka a H* (1.6)
Here n is a nonintegral number from -1 to 1, most commonly between 0.5 and 1 (Table 
1.1). As the coordination theory shows, if  the H+ activity is expressed as adsorbed H+ 
activity on the surface of a mineral, n could be a integral corresponding to the oxidation 
number of the metal in crystalline lattice.
Table 1.1 The pH dependence of mineral dissolution rates (Lasaga, 1984)
Minerals K* pH range
K-feldspar aH*l'° pH < 7
K-feldspar an. 10 pH <5
Nepheline aH+"°'20 pH> 7
Diopside aH+°'7 2 < pH < 6
Enstatite aH+°'8 2 < pH < 6
Forsterite n 1.0aH+ 3 < pH < 5
Quartz a**00 pH < 7
Anorthite aH+°'54 2 < pH < 5.6
Sr-feldspar aH,L° pH < 4
Sr-feldspar a^-o-2* pH > 6
K*: dissolution rate.
Temperature
Temperature is another most important factor influencing mineral dissolution in 
aqueous solutions. In most cases, the temperature dependence of dissolution rate follows 
the Arrhenius equation (Lasaga, 1984; Lasaga and Soler et al., 1994)
K = A e~E'aPp/RT (1.7)
where A is the pre-exponential factor and E ^  is the apparent activation energy of overall 
dissolution. Table 1.2 shown some values of E ^p.
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Weathering capabilities o f various organic solutions on individual mineral have 
been the focus of many studies (Huang and Keller, 1970; Huang and Kiang, 1972; Huang 
and Longo, 1992; Mast and Drever, 1987; Barman et al., 1992; Boyle et al, 1974; 
Schnitzer and Kodama, 1976; Song and Huang, 1988; Stumm et al., 1985; Kharaka et al., 
1986). The results o f these studies have not been consistent, although the majority has 
shown that organic substances enhance mineral weathering.
In general, organic acids catalyze dissolution by chelating cations in the minerals 
(Huang and Keller, 1970; Huang and Kiang, 1972; Grandstaff, 1986; Manely and Evans,
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1986; Mast and Drever, 1987, Barman et al., 1992). Huang and Keller (1970) showed that 
Si, Al, Fe, Ca, and Mg solubility was higher in the presence of organic acids than in 
water or C 02-charged water and that solubility o f Al and Fe was enhanced, presumably 
by complexation. Huang and Kiang (1972) weathered a variety o f  feldspars by various 
organic acids and indicated that the effect on dissolution was acetic < aspartic < salicylic 
< citric acids. This is the order of complexing capacity, but not the dissociation order of 
these acids. Citric acid was more effective than other acids in extracting Al and Ca, 
particularly from Ca-rich plagioclases, presumably because of Al- and Ca-citrate complex 
formation. This observation was supported by Ludwig et al. (1995) who proved the 
ligand-promoted dissolution rate can be predicted from the reactivities of aqueous metal 
complexes. Jorgensen (1976), Flynn and Boer (1969), and Bamum (1970) concluded that 
aqueous catechol solution increased the dissolution rates of silicate minerals by forming 
silicon-catechol complexes, and it was more effective than oxalate. Huang and Longo 
(1992) found 0.05 M  catechol more effective than 0.025 A/EDTA in dissolving Si and Ca 
from anorthite. Oxalate dissolution of aluminosilicate minerals has been studied by many 
workers (Huang and Longo, 1992; Bevan and Savage, 1989; Surdam et al., 1984; Thyne 
and Harrison, 1991; Franklin et al., 1990; Stoessell and Pittman, 1990), but the results 
have not been consistent Some have indicated that oxalate in solution can significantly 
enhance the feldspar dissolution rate through the formation of an Al-oxalate complex 
(Huang and Longo, 1992; Surdam et al., 1984; Franklin et al., 1990; Stoessell and 
Pittman, 1990). However, the enhancement was dramatically suppressed by the presence 
of Ca or Mg in solutions due to formation of insoluble Ca- and Mg-oxalate complexes. 
Alternately, others felt that the enhancement was due to a change o f a pH-dependent 
dissolution mechanism rather than the complexing capability o f oxalate (Bevan and 
Savage, 1989; Thyne and Harrison, 1991). A third view point was that the enhancement 
was insignificant due to the low stability of Al-oxalate (Thyne and Harrison, 1991; Fein,
1991). Some carboxylates, such as EDTA, promoted feldspar dissolution to a greater
17
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extent than did oxalic acid because they are able to complex Al but do not form an 
insoluble calcium salt. Means et al., (1978), Choppin (1992), Hering and Kraemer (1994), 
Mortvedt (1994), and Harter and Naidu (1995) have also indicated organic ligands have 
played a direct role in the leaching and migration of naturally occurred radionuclides and 
radionuclide wastes.
On the other hand, many studies have cast doubt on the enhancement role of 
organic substances during mineral weathering. Barman et al. (1992), Schalscha et al. 
(1967), and Tan (1980) have pointed out that in the presence o f organic acids the acid 
chelating ability for the mineral cations become an important factor of cation release in 
some instances but not others. Huang and Longo (1992) showed that acetate affected 
feldspar dissolution by controlling the hydrogen ion activity, rather than by complexing 
Al and Si. In evaluating prior studies Huang and Longo (1992) cast doubt upon the 
conclusion that acetic and oxalic acid enhances feldspars dissolution. Mast and Drever 
(1987) indicated that 0.5 and 1 mM  oxalate has essentially no effect on the dissolution 
rate of tremolite nor on the steady-state rate o f  Si release from oligoclase. The formation 
of silicon-catechol complexes in a catechol solution was incomplete (Bartels, 1964, 
Jorgensen, 1976), and simple hydrolysis predominated (Correns, 1961) at condition of pH 
lower than 9. Therefore, the enhancement o f catechol on the dissolution o f minerals may 
take place in nature, but the reaction rate was expected to be much slower than that 
obtained in the laboratory. The presence of ascorbic acid and potassium acid phthalate 
had no effect on the weathering rate of olivine at pH 2 (Wogelius and Walther, 1991 and
1992). Rubio and Matijevic (1979) were the first to point out that it was possible for 
polyvalent or hydrophobic organic ligands to inhibit dissolution of minerals. This was 
first proved by Zutic and Stumm (1984), who showed that mineral weathering could be 
inhibited through the formation o f a Al-organic complex coating on the surface of 
minerals. Chin and Mills (1991) reported that humic substances had either no effect or an 
inhibitory effect on the dissolution of kaolinite. This phenomenon was also shown by
18
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Ochs et al. (1993), who indicated that the effect of the humic material on mineral 
dissolution rates appeared to depend on the degree o f humic (macro)molecuie 
protonation. They reported dissolution enhancement at pH 3, but inhibition at pH 4. The 
inhibitation effect of humic substances was also reported by Heyes and Moore (1992) 
and Smeck and Novak (1994). Humic substances inhibit weathering by blocking the 
surface reaction sites with adsorbed HM-molecules, effectively preventing detachment of 
metals (Ochs et al., 1993) and access to the reaction sites by other free organic molecules. 
Thus, complexing polyfunctional and polydisperse substances may behave very 
differently from simple and defined organic acids with respect to mineral weathering. As 
pointed out by Oche et al. (1993), it may become necessary to reevaluate the roles played 
by humic matter in pedogenesis, particularly in the mineral weathering and podzolization 
process.
C P 2 Pressure
The dependence of mineral dissolution in aqueous solution on C 02 pressure is due 
to H+ provided by carbonic acid. It has been stated that the dominant acid in weathering 
solution is carbonic acid, unless organic acids are particularly abundant (Lasaga, 1984, 
1981d). The problem is that most of the dissolved C 0 2 is in the form of hydrated 
molecular C 0 2(aq). To act as an acid, the hydrated C 0 2 must first be converted to 
carbonic acid. But the rate of H2C 03 formation from C 02 is very low. According to 
Lasaga's (1984) calculation, even in soil air condition which has much greater C 02 
content than the atmosphere, 1 m3 o f solution in the water-rock system generates acid at 
the rate of 1.4 X 1(H mol/s, which is much slower than the consumption of acid. 
Therefore, in nature the slow kinetics o f C02 conversion into carbonic acid may control 
the dissolution of minerals. That is one reason that many laboratory experiments have 
circumvented the problem by using strong acids as the proton source.
19
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Deviation of Dissolution Reaction from Equilibrium and Ionic Strength of Solution
As Lasaga's rate law ( Eq. 1.3) showed, deviation of the dissolution reaction from 
equilibrium plays a important role in the dissolution of mineral in aqueous solutions. 
Many of studies have ignored this point; Lasaga and Soler et al (1994) pointed out that 
our ignorance of the role of the function f(AGr) in the interpretation o f mineral dissolution 
kinetic data is a major flaw in current kinetics work. The deviation problem can be 
minimal only in the far-from-equilibrium region. Under sufficiently dilute solutions (very 
negative AGr), the dissolution rate would become independent of AGr  Unfortunately, 
not much information is available for this far-from-equilibrium state. Limited studies 
have shown that in order to achieve this far-from-equilibrium stage, the AGr has to be -10 
kcal/mol for albite dissolution (Lasaga and Soler, et al., 1994) and -2.9 kcal/mol for 
kaolinite dissolution (Ganor et al., 1994).
Some studies have shown that ionic strength of dissolution solution has impacts 
on mineral dissolution (Kline and Fogler, 1981a, b; Dove and Crerar, 1990; Dove and 
Elston, 1992). The possible reasons are that the cations influence the path of Si 
detachment and that the ionic strength influences the activities of reactants and products 
and deviation of dissolution reaction from equilibrium. The impact of mineral.solution 
ratio on dissolution rate may act through ionic strength.
Properties of Minerals
These factors include particle size of mineral material and mineral lattice defects 
like dislocation, point defects, microcracks, surface defects. The size o f the mineral 
directly influences the surface area coming to contact with the weathering solutions. 
Lattice defects may influence dissolution rate in two ways: by changing the bulk 
thermodynamic properties and by creating sites of accelerated dissolution on the solid 
surface (Schott, 1990).
2 0
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Granitic Rock Weathering
The literature specifically on granitic rock weathering is not as abundant as that 
on pure minerals (Harriss and Adams, 1966; Rogers and Ragland, 1961; Rogers and 
Adams et al., 1965; Paces, 1973; Made and Fritz, 1989,1990; Bajo, 1983a, b; Savaga, 
1986; Savaga and Cave et al., 1987; Smith and Flanagan, 1956; Guthrie and Kleeman, 
1986; Pereira et al., 1993). Paces (1973) first postulated a diffusion-controlled mechanism 
and kinetic model. The model showed that initially the dissolution rate could be 
described by a parabolic rate law: m, = K, tm \ later dissolution rate could be expressed as 
a linear rate equation: mt-  mtr + K2( t - 1 ) ,  where m, is the molarity of component i in 
solution, K, and K2 are rate constants, t is the reaction time and V is the time when the 
steady-state thickness o f diffusion layer was reached, m( is the molarity of component i in 
the solution at time t'. As the discussion on the dissolution of mineral and oxides showed, 
this model needs to be reevaluated. Bajo et al (1983a, b) extracted U and Th from Swiss 
granite, using concentrated HC1, H2S 04, and HN03 (2, 5,10 M) as leaching solutions.
The results indicated a parabolic pattern of U and Th releases. The other studies on 
granite-water interaction were carried out under hydrothermal conditions (high 
temperature and pressure) (Savaga, 1986; Savaga et al., 1987). The results showed the 
mineral-fluid reaction was dominated by the dissolution of plagioclase, k-feldspar and the 
growth o f smectite, calcite (at all temperatures), laumontite (at 150°C), wairakite and 
ahlychrite (at 250°C). The fluids were saturated with respect to quartz and fluorite.
Certain trace elements (Li, B, Sr) were either incorporated into solid precipitated during 
the experiment or sorbed onto mineral surface and can not be considered as 
"conservative" elements. Release rates o f most o f the elements seem to follow a parabolic 
kinetics.
2 1
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CHAPTER II
AN UNIQUE CHARACTERISTIC OF POTASSIUM RELEASE FROM EARLY
STAGE WEATHERING OF CONWAY GRANITE AND MINERALS
MATERIAL AND METHODS 
Material
Two Conway granite samples having different natural weathering states were 
collected from Redstone Quarry, Conway, New Hampshire. Sample 1 was slightly 
weathered and sample 2 was unweathered. Pure plagioclase, perthite, biotite, and quartz 
were purchased from Aldrich Chemical Company, Inc.. The sample were first crushed 
into mm-sized grains and then further grounded by automatic agate mortar and sieved 
through nylon sieves of less than 45 pm. No attempt was made to remove ultra-fine 
particles adsorbed on the surface of mineral grains. Only samples of <45pm were used in 
the batch weathering experiments. Samples used in the fluidized bed reactor weathering 
experiments were between 106 and 180 pm. These samples were prepared in the same 
way as for the <45 pm except that they were further cleaned by ultrasound. For the 
clearing process, refer to Chou and Wallast (1984). All samples were oven dried and 
cooled in a desiccator before use.
Weathering Procedures
The dissolution experiments were conducted by both a batch method and a 
fluidized bed reactor method (Chou and Wallast, 1984; Mast and Drever, 1987). All 
weathering solutions (deionized distilled water, pH = 2.00 HN03, 0.0010 M pH = 5.00
22
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EDTA-2Na, and 100 pg L-‘ and 200 |ig L-‘ potassium solutions of pH = 4.50 and pH =
1.00 (KNO3-HNO3 ) were prepared from reagent grade concentrated acids or solid 
chemicals and deionized water. In the batch method, 2.0000 g  of rock or mineral samples 
of 45 \xm were put into polyethylene bottles. 180.00 mL o f weathering solution was 
added to each bottle and the bottles were placed on a reciprocation shaker and shaken 
continuously until the end o f the experiment, except during the 10 mins they were 
allowed to settle prior to each sampling. At the preset times 20.00 ml samples were 
removed from the bottles and the solutions were centrifuged at 14600 R.C.F.. The 
supernatant solutions were then acidified by 1.00 ml 6 MHCl and saved for chemical 
analysis. The solids remaining in the centrifuge tubes were added back into then- 
respective weathering bottles for continued weathering.
Measurement of Adsorbed Cations
The amount of cations adsorbed on the surface of weathered minerals was 
measured by a method similar to that for determination of soil cation exchange capacity 
(CEC) (Hendershot and Lalande, 1993). At the end of the weathering experiment, the 
mineral samples were centrifuged and the solids were washed four times with acetone at 
solid:solution = 1:2. After washing enough 1 MNH4OAC to provide a 1:1 solid:solution 
ratio was added. The mixture was shaken for 5 minutes and let standard overnight. The 
solid was separated from solution by filtration. The solutions were saved for cation 
analysis.
Mineral Weathering by KNO: Solutions
The batch method was used to investigate the potassium adsorption by both 
potassium and non-potassium minerals during the weathering process. Samples were 
weathered in KNO, solutions as indicated in Table 2.1. Weathering in diluted HNO, of 
the same pH as the KN03 solution (runs 5 ,6 , and 8) served as checks, providing the
23
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amount of potassium dissolved into non-potassium solution of the same pH. The 
accumulative adsorbed K at a given moment, therefore, is the net result o f the K.
Table 2.1 Experiment design of weathering experiment by K solutions
Run Samples Weathering Solutions Sample Vol. of 
Solutions
1 Plagioclase 100 UgL’1 K Solution (KN03-HN03, pH 4.50) 4.0000 g 240.00 ml
2 Plagioclase 100 \igL-1 K Solution (KNO,-HNO„ pH 1.00) 4.0000 g 240.00 ml
3 Plagioclase 100 \igL-1 K Solution (KN03-HN0}, pH 1.00) 4.0000 g 240.00 ml
4 Plagioclase 100 \igL’1 K. Solution (KN03-HN03, pH 1.00) 4.0000 g 240.00 ml
5 Plagioclase Diluted HN03 (pH 4.50) 4.0000 g 240.00 ml
6 Plagioclase Diluted HN03 (pH 1.00) 4.0000 g 240.00 ml
7 Perthite 100 \igLrl K Solution (KN03-HN03, pH 1.00) 4.0000 g 240.00 ml
8 Perthite Diluted HN03 (pH 1.00) 4.0000 g 240.00 ml
9 Perthite 100 iigL-t K Solution (KN03-HN03, pH 1.00) 4.0000 g 240.00 ml
10 Conway
Granite
0.001 MEDTA-2Na 4.0000 g 240.00 ml
concentration in original weathering solution plus the K concentration released from the 
weathering process (equal to the K. concentration in the check run) and minus the 
solution K concentration at the given moment. Decrease in K concentration, then, 
indicates K adsorption by the weathering mineral is greater than K releases from the 
mineral. The relationship can be expressed as the equation
K a d =  K o n g  +  K rfis  '  ( 2 . 1 )
where represents adsorbed K, K^,, the K concentration in solution at a given 
moment, K^-g the original K concentration o f  weathering solution, and the 
concentration of K released from weathering by non-potassium solution of the same 
pH(check run). Because plagioclase and quartz used in the study contained 0.22 and 
4.125 mg g-' K* respectively, the check runs were necessary. Otherwise, the adsorption 
could be overlooked, as shown by the equation above. Supposing was not measured 
(there is no in Eq. 2.1), would be zero in case that K^-g equals K ^ .  That means
24
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there is no K adsorption. The reality, however, could be that the adsorption is just equal 
to the K release from weathering. Therefore the K adsorption was not reflected although 
K adsorption does occur i f  we don’t run the check.
Chemical Analysis
The K, Na, Ca, Mg, Fe, and Al in the solutions were analyzed by an atomic 
absorption spectrophotometry. The Si content was determined by a colorimetry method 
(Strickland and Parson, 1968).
One potential problem in the determination of K is contamination from pH 
measurement. The reference electrode bridge solution in our Coming pH glass 
combination electrode is saturated KC1 solution which usually releases K into solution 
when measuring pH. We did a test on such K release by setting the electrode for 1 min. in 
pure water of the same volume of the sample solution and then determining the K. 
content. The K content in test solution was below the detection limit o f the AA 
spectrophotometer used in our study. Our pH measurement usually took 15 seconds so 
the impact o f K released from pH measurement to the K determination in the weathering 
solution can be ignored in our case.
RESULTS AND DISCUSSION
Potassium Release During Conwav Granite and K-mineral Weathering
A unique characteristic o f potassium release when granite is weathered was first noted in 
a batch method granite weathering experiment When weathering a Conway granite, the 
time dependent concentration changes of all measured elements except potassium 
followed a typical parabolic pattern (Figure 2.1). Potassium, however, had a very fast 
accumulation rate at the initial weathering stage (less than twenty hours), followed by 
equally rapid drop in solution K. Thus, a K concentration peak formed. Finally, the
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potassium content in the solution again rose slightly before approaching a constant 
release rate. This phenomenon was more clearly shown when the fluidized bed reactor 
method was used to weather the same granite sample using the same weathering solution. 
Figure 2.2 shows the change in potassium release rate from Conway granite during the 
continuous weathering process by several HNO} solutions of declining pH. At the initial 
stage o f each phase, the release rates first increased then decreased. There were some 
moments at which the rates were below zero. Those negative rates indicated potassium 
release from weathering was less than the amount o f potassium removed from the 
solution. In other word, a net K adsorption occurred.
The sampling intervals used in these experiments may be still too large and 
perhaps something more happened during that period o f weathering time. To obtain more 
information about this unique characteristic, a more detailed weathering study using the 
same Conway granite along with commercial potassium minerals, but with smaller 
sampling intervals was conducted. The results (Figure 2.3) revealed several new features 
of the unique characteristic:
1) the potassium peak was a common phenomenon for all K-minerals studied;
2) under certain circumstance, a second peak can be observed. For example, when
Conway granite was weathered by 0.0100 MEDTA-2Na, a small secondary 
peak was observed. When a biotite-perthite combination (1:1) was weathered 
by 0.0100 ArHN03, the secondary peak was stronger than the first;
3) this unique characteristic of potassium release occurred in the weathering of
the multimineral Conway granite, in two mineral systems (biotite-plagioclase, 
biotite-quartz, biotite-perthite), and in single mineral systems (biotite, 
perthite);
4) The magnitude of the potassium peaks varied, with the biggest in the Conway
granite and successively less from two-mineral systems and single mineral 
systems;
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5) although a limited number o f solutions were used, it seemed that the peak 
magnitude and appearance time changed slightly as the same sample was 
weathered by different solutions.
Thus, the nature o f potassium release as mineral and rocks are weathered, 
particularly in the early weathering stage, varied from all other elements. A parabolic 
curve was not suitable for the description of potassium release kinetic.
Some Alteraativ-e-Eotassium-Removal Mechanisms
Theoretically, there are three possible ways for potassium to be removed from the 
weathering solution; 1) secondary precipitation, 2) adsorption onto the altered mineral 
surface, and 3) "reverse diffusion and fixation" in the internal structure o f the mineral. 
Secondary precipitation is unlikely because potassium does not precipitate with any 
anions present in the solution (N03*, C 0 32*, HC03*, EDTA, SiCV*). This is particularly 
true in the early stage of weathering at which time little silica and aluminum had 
dissolved. In addition, computer modeling indicated that there should be no secondary 
precipitation from the early weathering stage solutions. For example, the chemical 
compositions of weathering solution at points 6  and 7 in the biotite-plagioclase run 
(Figure 2.3) were used as inputs to the geochemical model, SOLMINQE88 (U.S. 
Geological Survey, 1988). The modeling outputs indicated that all the potassium-bearing 
minerals listed in the code were under-saturated at the chemical conditions of these two 
points. Therefore, secondary precipitation can be discounted as an explanation to the 
observed potassium removal from weathering solution.
A second method of potassium removal from the weathering solution is surface 
adsorption. During mineral weathering one o f the major reaction is hydrolysis; hydrogen 
ions in the solution attack mineral surfaces where they polarize and weaken the critical 
metal-oxygen bonds. The metal-H20  complexes are then detached from the surface into
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solution (Furrer and Stumm, 1986). Alternately, hydrogen ions are adsorbed onto the 
exposed surface oxygen ions, resulting in surface protonation and a hydrated surface. 
Theoretically the hydrogen on the hydrated surface can be reversibly replaced by other 
cations in the solution. For example, Chou and Wollast (1985) asserted that Na+released 
when albite is weathered can be reversibly exchanged with hydronium ion on the mineral 
surface. A study by Murphy and Helgeson (1987), however, indicated that the process 
was irreversible and Blum and Lasaga (1991) seemed to believe that at high Na+/H+ ratios 
the process was reversible, but at a low Na+/H+ ratio it was not For potassium silicate 
minerals Tamm (1930), Mitra and Rajagopalan (1948), and Garrels and Howard (1959) 
reported a conclusion similar to that of Blum and Lassaga's (1991). That is, H* 
replacement on the surface o f mineral by solution K* was reversible only at a high aKyaH. 
ratio. The equilibrium constant for orthoclase (adularia) was about 109 to 10'° and that for 
mica was about 107 to 109-, indicating that significant H*~K~ exchange will occur only 
when K* activity is at least 107 time greater than H \ In our studies, the K7H- 
concentration ratio in the solution was in the range of lO 1 to 104, much less than 107. 
Therefore, it seemed unlikely that solution K* replaced H+ on the mineral surface.
In addition, when the potassium (or other cations) is reversibly adsorbed at 
mineral surface, hydrogen ion will be released to solution and the solution pH should 
drop. The magnitude of this drop depends on the magnitude and speed of potassium 
readsorption. As long as the solution pH is at a suitable value (> 4.0 in our case), pH drop 
should be a good indicator of reversible H*-K* exchange, we did not observed any drop of 
pH corresponding to the drop o f potassium concentration (Figure 2.4). For example, 
when Conway granite was weathered by pH = 4.4 HN03, the potassium concentration 
dropped from 52.12 pg-Z.*7 to 13.40 \ig L ‘, a 9.9 x 10-4 mol-Lr1 change in potassium 
concentration. If K>H* exchange occurred, 9.9 x 10-4 mol-Lr1 H* would have been 
released, which should have dropped the solution pH from 7.45 to 3.05. Not only did the 
pH not drop, but it increased by 0.05 units. One may reason that the pH drop caused the
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increase of weathering rate and consequently more H+ was consumed and more cations 
released to the solution with a net result of no significant pH change. While this 
reasoning may be flawless, solution concentrations of other cations were not abnormal to 
the expected parabolic increase. Therefore, reversible K. adsorption on the surface cannot 
significantly contribute to loss o f potassium from weathering solution.
To further confirm that reversible surface adsorption was not a significant factor, 
exchange cations on the surface were measured after the completion of weathering. As 
indicated in Table 2.2, the surface adsorption accounted for only a portion of the solution 
potassium loss. Exchangeable potassium accounted for, at most, 5 % of the potassium 
adsorbed during the weathering, except for run 1. The overnight treatment o f samples by 
IA/NH4OAC solution in the determination o f  exchangeable cations may have caused 
some dissolution of structural cations, particularly when the samples were not strongly 
weathered during the weathering process. For example, in the weathering o f plagioclase 
by pH = 4.50 KN03-HN03 and HN03 solutions, the exchangeable Ca2+ concentration in 
solution is 118.49 and 197.18 \ig L-' respectively, while for the same sample and 
weathered by the same solutions but of pH =  1.00, the exchangeable Ca2+ concentration is 
only 2.1503 \ig-L'. The majority of exchangeable Ca2+ in the case of pH = 4.50 likely 
came from plagioclase dissolution by NH4OAC. This explains the higher exchangeable K 
in run 1. Taking this dissolution into consideration, exchangeable potassium maybe only
Table 2.2 Exchangeable cations adsorbed on the weathered mineral samples [mmo/ClOOg)-7]
Runs Exch. K Exch. Na Exch. Fe Exch. Ca Exch. Mg Exch. Al Adsorb. K.
1 0.3713 0.1493 0.0000 3.6955 0.4796 0.0000 2.6515 0.1400
2 0.1052 0.0695 0.0000 0.0671 0.0271 0.0000 3.0970 0.0340
3 0.1123 0.0746 0.0000 0.0514 0.0301 0.0000 0.0971 0.0363
4 0.1342 0.0637 0.0000 0.0457 0.0276 0.0000 3.6356 0.0369
7 0.1914 0.0322 0.0000 0.0086 0.0014 0.0000 4.6738 0.0409
9 0.0219 0.0139 0.0000 0.0078 0.0043 0.0000 0.6750 0.0324
10 0.3822 03805 0.0000 0.1049 0.1524 0.0000 9.7054 0.0394
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account for less than 2% o f the adsorbed potassium. Therefore reversible adsorption of 
potassium on the weathered mineral surface appears not to be a major reason for the 
potassium concentration to drop in the weathering solutions, and this mechanism can be 
discounted as an explanation for potassium disappearance from the weathering solution.
Although we are unable to provide direct evidence for the mechanism, we would 
like to suggest that "reverse diffusion and internal fixation" accounted for the 
readsorption of potassium from the weathering solution. In addition, our study had 
showed that some non-potassium minerals as well as potassium minerals such as biotite, 
perthite, k-feldspar can adsorb and fix potassium during weathering process. When 100 p 
g-L-' potassium was added to the HNO, weathering solution, pure perthite, plagioclase, 
and quartz were found to adsorb and fix potassium (Figure 2.5). The fixation was in the 
order perthite > plagioclase > quartz. When weathering at pH 1.0, plagioclase removed 
more potassium than it yielded to solution during initial weathering, resulting in negative 
release. Quartz also removed potassium from the solution. It appears, therefore, that 
potassium sorption during the initial weathering stage may be a common phenomenon of 
mineral weathering process and it is not limited to potassium bearing minerals.
Mechanism of Potassium Rskase.and Fixation at .the Initial Mineral Weathering
Stage
It is apparent that at the initial weathering stage of either Conway granite or 
pure feldspar and mica, potassium was removed from weathering solution and fixed by 
the minerals and rock. Considering the simplicity of our system, this fixation is most 
likely related to the weathering products and mechanism of these minerals and rock. A 
careful examination of micas and feldspar weathering would provide some clues to this 
phenomenon.
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4
Micas
Micas have been extensively studies due to their importance in providing 
potassium for plant growth (Norrish, 1973; Fanning and others, 1989). As 2:1 
phyllosilicate minerals, micas serve as precursors for expansible 2:1 clay minerals, such 
as vermiculites and smectites, to which micas may be transformed when the 
"nonexchangeable" interlayer K+ is replaced by hydrated exchangeable cations. In this 
simple transformation, the mica structure is generally retained intact as a transformation 
product The transformation process can take place at both the interlayers and at the 
edges of a mica particle, termed layer weathering and edge weathering, respectively 
(Figure 2.6). In layer weathering (Jackson and others, 1952; Thomas and Hipp, 1968; 
Fanning and others, 1989; Sawhney, 1989), some interlayers are opened all the way 
through a mica particle, while others remain essentially closed, leading to the formation 
of interstratified mica-vermiculite or mica-smectite. In some cases alternate layers open, 
giving regular interstratificatioin. During the weathering, a shifting of structural OH 
protons toward the opened interlayer causes K ions in adjacent interlayers to be more 
tightly held. In the edge weathering model (Mortland, 1958; Rausell-Collom and others, 
1965; Scott and Smith, 1966; Thomas and Hipp, 1968; Sawhney and Voigt, 1969; 
Fannging and others, 1989), many interlayers are opened simultaneously along the edges 
and fractures of a mica particle. The opened interlayers are not opened completely across 
the mica particle, and form "wedge" zones. This wedge zone shows a high affinity and 
selectivity for large monovalent cations such as K+, NH4+, Rb+ , and Cs+ (Beckett and 
Nafady, 1967, Singh and others, 1981, Sawhney, 1972). This selectivity is usually 
attributed to the large monovalent cations being weakly hydrated. These ions lose their 
shell of hydration more easily than strongly hydrated divalent cations such as Ca2+, Mg2+, 
and Sr2+. Thus, K+ enters the wedges preferentially while Ca2+ and Mg2+ are screened out. 
Once within the wedge, K ions may enter ditrigonal holes in the base of the tetrahedral 
sheets, collapse the wedge, and become "fixed". The structure essentially reverts to mica,
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although the subsequent extraction of the K ions may be easier than the initially 
extraction. This is the process of micacious mineral repotassification. Artificially 
weathered micas and soil formed micas have provided strong evidence for the 
repotassification (Norrish, 1973; Scott and Reed, 1962; Fanning and Jackson, 1965;
Cady, 1960; Johnson et al., 1963; Post and White, 1967; Swindale and Uehara, 1966; 
Juang and Uehara, 1968).
Repotassification is affected by many environmental factors, one of which is the 
activities of K* and solution ions that might displace K* from interlayers (Fanning and 
others, 1989). For any given micacious mineral, activity of competing ions, and 
temperature, a critical K* activity level exists. When the solution K* activity is above the 
critical level, no K* is released and K~ may be taken from the solution by the particles . 
When K~ activity level is below the critical level, K* is released from particles (Fanning et 
al., 1989).
The weathering rates of micas are also affected by many factors, including 
whether the mineral has a dioctahedral or trioctahedral structures. Dioctahedral micas 
hold K more tightly than do trioctahedral micas (Ransell-Colom et al., 1965; Scott and 
Smith, 1966; Leonard and Weed, 1970; Giese, 1977; Fanning etal., 1989), the 
difference being about two orders o f magnitude between muscovite and biotite (Leonard 
and Weed, 1970). The reasons for this are twofold. First, the tendency o f the proton to 
shift toward the empty octahedral cation site in the dioctahedral structure leads to a 
greater distance between H and K and consequently a greater tightness with which the K 
is held in dioctahedral micas. Secondly, the unique way that K* is locked into the 2M, 
muscovite structure makes muscovite more resistant to weathering (Radoslovich, 1963, 
Leonard and Weed; 1970, Fanning et al., 1989). This property of dioctahedral and 
trioctahedral structures could contribute to the potassium fixation differential.
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Feldspars
Feldspars are weathered primarily to kaolin minerals (kaolinite and halloysite) 
(Parhem 1969; Bate, 1962; Harris et al., 1980; Eswaran and Wong, 1978; Huang, 1989; 
Kawano and Tomita, 1996). Montmorillonite, smectite, and illite, however, may be 
formed as a product of weathering under certain conditions (Eggleton and Buseck,
1980). In addition, the formation of gibbsite and amorphous aluminosilicate minerals 
from the weathering of plagioclases has been observed (Calvert and others, 1980; Torrent 
and Benayas, 1977; Gardner, 1972; Eggleton and Buseck, 1980; Huang, 1989). Of 
particularly interest, a protective hydrous aluminosilicate layer on the surface of 
weathered feldspar has been observed in many studies ( Wollast, 1967; Garrels and 
Howard, 1959; Helgeson, 1971; Busenberg and Clemency, 1976; Paces, 1973; Gardner, 
1983; Hellmann, 1994). The outer portion of this protective layer was reported to be 
structurally disrupted, while inner portion retained the original silicate structure but with 
H substituted for alkali ions. Thus, it appears that the first step in the weathering of 
feldspars is the formation of an amorphous aluminosilicate. An analogous synthetic 
amorphous aluminosilicate has been shown to have capability of fixing potassium (van 
Reeuwijk and d e  Villiers, 1968, Schuffelen and Marel, 1955; Huang, 1989). van 
Reeuwijk and d e  Villiers(1968) showed that both dry and wet synthetic aluminosilicate 
gels had K-fixing capability against replacement by Na+, Ca2+, and Mg2+. The fixation 
was attributed to the channels in the gel which impose a mechanical sieve action on the 
entry and passage of certain counter ions. No secondary precipitation or other specific 
chemical reaction between the potassium ions and constituents o f the gel was involved. 
The mechanism resembles the ionic sieve function o f zeolites. Channel size in the 
amorphous gels, however, is likely to be more variable and the channels more elastic. 
Drying the gels apparently stabilized channel size and the increased rigidity limited so 
called "two-way traffic" o f ions, giving rise to much higher K fixation than observed in 
the undried gels.
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Potassium.Fiiation Mechanism
Combining our observation with the above literature view on the subject, we can 
postulate a mechanism explaining the rapid release and subsequent potassium 
readsorption and fixation at the early stage of mineral weathering. First, micas and 
potassium feldspars in the granite are responsible for the rapid release o f potassium and 
equally rapid readsorption and fixation of potassium. Second, the two kinds of minerals 
have different potassium fixation mechanisms. The edge weathering is most likely to be 
the first step in mica weathering in our experiment considering the short weathering time, 
although the layer weathering may occur to these ultrafine mica particles (Huang, 1989) 
adhering to the surface of large grains. The rapid release of potassium at the initial granite 
weathering stage raises the solution potassium activity level. When the activity level is 
raised above the critical level of the altered portion o f the mica particles, "wedge 
fixation" occurs. The positions recaptured by potassium may be the previous potassium 
positions or the positions previously occupied by other cations of similar size such as 
Ca2+, Mg2+, and Na+. hi addition, potassium exchange and fixation between biotite and 
muscovite may also occur. Biotite has a higher weathering rate than does muscovite.
Thus, biotite should theoretically have a higher critical activity level than muscovite. 
Therefore potassium ions released from biotite weathering may diffuse into the less 
weathered muscovite and be fixed at the positions previously occupied by other cations, 
including potassium.
For feldspars, potassium fixation by a surfacial amorphous aluminosilicate may 
play the major role. Considering the very short time scale at which potassium fixation 
occurs in our study, an amorphous or protocrystalline aluminosilicate is formed by the 
weathering o f ultrafine particles and by the weathering at defect points on the surface of 
regular sized feldspar grains. This amorphous material might have K fixation capacity as 
shown above. It is also possible that the removal of cations from the feldspar surface
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
results in an Al and Si enriched altered layer which retains the basic feldspar structure. 
The positions of the bonds will, however, have been adjusted due to the change of 
electrical environment caused by the replacement o f cations by proton. This bond 
adjustment makes the channels left by Ca2+ and Na+ diffusion into solution useful for 
potassium to travel into the crystal. The channels are not large enough for two-way 
traffic of these cations, so protons must serve as the counter flow ions. When potassium 
diffuses into the crystal, it likely changes the structure back to pseudo-feldspars and such 
potassium is fixed in the altered layer. For a multi-mineral system like the granite, in 
addition to the K. fixations by individual minerals, the potassium exchange and fixation 
among all potassium fixing minerals could play a  role. That is, when the K activity in 
weathering solution is in equilibrium with one o f  the minerals, it may be over-saturated 
with the second one and under-saturated with the third one, because each K-mineral has 
its unique critical K activity level. The mineral with which the solution is over saturated 
will fix potassium while these which are not saturated will continue to release potassium. 
The net result is K exchange and fixation between minerals.
The potassium fixation occurs at the early stage o f mineral weathering when the 
diffusion (protective) layer has not yet reached a constant thickness. Further weathering 
will dissolve the potassium from both the fresh minerals and the "potassium rich" 
diffusion layer. This creates the second and the third smaller peaks showed (Figure 2.3). 
The potassium may also play the role of H+ in that it can occupy positions previously 
occupied by other cations of similar size. The net result o f this process is that K+ in 
solution replaces cations such as Ca2+ and Na+ in the crystal structure, with protons 
playing an assistant role in the process. This explains the absence of an expected drop in 
solution pH accompanying the drop in solution potassium concentration. Chou and 
Wallast (1985) showed that, at the initial stage o f  mineral weathering, the total normality 
of cations released from mineral is larger than the normality of H* adsorbed, creating 
negative charges in the weathered layer. These negative charge are distributed across the
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whole diffusion layer. K+, due to weak hydration, can diffuse back to these negative 
charge sites which were previously occupied by Ca2+ and Na+ and reduced the amount of 
total negative charge o f the weathered layer. Only a small portion o f H* was involved in 
this process. Therefore the pH does not need to change significantly with change o f 
solution potassium concentration.
The Significance of Potassium Readsorption and Fixation
Regardless whether the weathering mechanisms is diffusion-controlled or surface 
reaction-controlled, potassium readsorption and fixation needs to be included in 
mechanism hypotheses because it happens to several important rock-forming minerals. 
Although the impacts o f this unique characteristic on the mineral weathering rate later in 
the weathering cycle are not clear, more studies and clearly understanding the process 
will help advance the mineral weathering theory closer to the reality. Particularly in 
reaction kinetics, a cation release rate function should include consideration of the 
potassium behavior. At minimum, K* readsorption and fixation should be included in 
any rate function developed for potassium release from K-bearing mineral weathering. 
Since K indirectly acts as a proton in replacing other cations from the mineral crystal 
structure, a rate function should include an item for solution potassium activity. In 
geochemical models inclusion of the potassium readsorption and fixation will improve 
their accuracy.
Practically, the unique characteristic of potassium release from mineral 
weathering has many applications. For example, potassium released from primary 
minerals is believed to be the primary source of K nutrition in soils. Studies in the past 
indicated that potassium release from weathering of primary K-bearing minerals is only 
important to the quantity of potassium in a soil but not very important to the intensity of 
potassium supply during a specific growing season. The unique characteristic puts some 
doubts on this belief. If  a proper management practice could be developed so that the
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peak potassium release can be used to meet the potassium need for plant growth, the 
potassium in primary minerals can also contribute to the K supply intensity and 
utilization of K fertilizer could be reduced. On the other hand, plants may be already 
using this part of potassium because the roots o f plants are very close to the surface of 
minerals and root execrates have significant weathering effects. In this case, today's 
routine test of potassium state in a soil should be modified to reflect this aspect The other 
side o f this same question concerns the potassium fixing capability o f a soil. This study 
has shown that the potassium readsorption and fixation not only occurs to micacious 
minerals, but also to several other minerals important in soils. Soil potassium fixation 
may be much higher than we thought because in the past the potassium fixation was 
attributed only to 2:1 clay minerals. Actually, potassium fixation also happens in the 
primary mineral weathering. What is more important is that some non-K-bearing minerals 
like plagioclase have potassium fixation capability. Putting everything together, the 
potassium fixation in a soil may be a different picture than what we believed. 
Consequently, the application of K fertilizer needs to be adjusted accordingly and more K 
fertilizer may be needed than currently being used.
CONCLUSIONS
Our study on the weathering of Conway granite, biotite, plagioclase, and perthite 
has revealed an unique characteristic of potassium release at the early stage (less than 15 
hours) of the mineral and granite weathering process. Potassium is first rapidly released 
from minerals into solution, then it diffuses back into the weathering altered layer and is 
fixed. Both K-bearing minerals and non-K-bearing minerals show capability to readsorb 
and fix potassium. Secondary precipitation and K adsorption on the surface of weathered 
m ineral are not the main reasons for the fixation. The probable mechanism for this unique 
characteristic is related to the "wedge" fixation of potassium by micacious minerals and
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the fixation by the amorphous aluminosilicate or/and structurally altered weathering films 
on feldspar surfaces. Potassium exchange and fixation among all the potassium fixing 
minerals in a weathering system may also play role. The force driving the exchange and 
fixation is the critical potassium activity levels for each mineral and the negative charge 
on the weathering layer. Potassium, with the help of protons, can replace other cations 
during the weathering of minerals and contribute to the weathering rate.
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CHAPTER m
WEATHERING CAPABILITY OF SEVERAL INORGANIC AND ORGANIC 
SOLUTIONS ON CONWAY GRANITES
MATERIAL AND METHODS
Conwav Granite Specimens and Preparation
See Chapter H.
Surface Area and Chemical Composition
The surface areas of samples were measured by Micromeritics Lab., Norcross, 
Georgia, using the B.E.T. method. The chemical composition o f the specimens were 
determined by SGS XRAL Activation Services, Inc., Ann Arbor, Michigan, using X-ray 
fluorescence method.
Weathering Solutions
The weathering solutions listed in Table 3.1 were prepared from reagent grade 
concentrated acids or solid chemicals and deionized distilled water (DD water). The 
humic acid sodium salt, which was produced by Aldrich Chemical Company, Inc., was 
purchased from Fisher Scientific.
The organic compounds used in the study were chosen for a variety of reasons.
First, these organic substances represent a series o f  structural changes (Fig. 3.1) and, 
consequently, chelating capacity differences. Second, they represent, directly or indirectly 
through structural similarity, organic substances commonly found in natural water or 
soils. Specifically, HjS04 and HNO, solutions were chosen to simulate acid precipitation;
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oxalic acid and its ammonium salt solutions were used as a representative o f dicar bo xyiic 
acids and their Al complexing ability (Surdam et al., 1984); catechol was examined 
because o f its ability to complex Si and, to a lesser degree, Al (Jorgensen, 1976); KHP 
(potassium hydrogen phthalate) has been used as a buffering agent in feldspar dissolution 
experiments (Wollast, 1967) and it has chelating effect on Al and Mg (Wogelius and 
Walther, 1991); humic substances have been commonly found in natural water and soils. 
Although not found in nature, EDTA (Ethylene Diamine tetraacedc acid), a 
multi car boxy lie acid, was used because it complexes Al but doesn't form insoluble Ca 
salts. In addition, EDTA is widely known as a strong chelating agent and its behavior 
might indicate the maximum effect expected from natural compounds (Grandstaff, 1986). 
Also EDTA has been commonly used in decontamination operations at nuclear facilities 
(Means and Crerar et al., 1978).
Table 3.1 Solutions used in Conway granite weathering
Solutions Concentration 1 Concentration 2 Concentration 3
H.SO. 0.0001 N 0.0010 N 0.0100 N
HNO, 0.0001 N 0.0010 N 0.0100 N
(n h j a o . 0.0010 M 0.0100 M 0.1000 M
h ,c a 0.001 N 0.0100 N 0.1000 N
Potassium hydrogen phthalate (khp ) 0.0010 M 0.0100 M 0.1000 M
Catechol 0.0010 M 0.0100 M 0.1000 M
EDTA disodium salt 0.0010 M 0.0100 M 0.1000 M
EDTA acid 0.0010 M 0.0100 M —
Humic acid sodium salt 0.0050 % 0.0100  % 0.1000  %
Deionized distill water (d d  water) — — —
Weathering Experiment and Procedures
A batch method was used for the weathering experiment. The procedures are the 
same as in chapter II except that 10.00 ml, instead o f20.00 ml, samples were removed 
from the bottles.
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Hypothetical structure of humic acid
Figure 3.1 Schematic molecular structures of organic substances used in Conway 
granite weathering
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Mineralogical and Chemical Composition of the Samples
The Conway granites were collected in the same area as those for the studies by 
Frye (1965) and Brimhall and Adams (1969). They have similar mineral compositions as 
shown by both X-ray results (McKenzie, 1996) and visual inspection during separating 
individual minerals. Sample 1 was slightly weathered naturally and sample 2 was 
unweathered. The major minerals are perthetic microline, quartz, plagioclase, and black 
biotite. The chemical compositions o f the two samples are shown in Table 3.2; they have 
similar chemical compositions, but differing natural weathering states.
Table 3.2 Chemical composition of Conway granite
Oxides Sample 1 (%) Sample 2 (%)
Si02 73.70 74.00




K* 0 4.86 4.98
Fe20 3 2.43 2.25
MnO 0.04 0.04
Characteristic of Cation Release from Conwav Granite Weatherings
Numerous laboratory studies on single minerals or oxides (Paces, 1973; Huang 
and Keller, 1970; Huang and Kiang, 1972; Barman et al., 1992) indicate that the release 
of cations during mineral weathering follows a parabolic pattern. That is, the time
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relationship o f  the cation concentration in the weathering solution could be described by a 
parabolic equation:
Ci = /fc0 t"  C3-1)
where
C, — concentration of constituent cation / of the mineral 
k j n — constants 
t ~  weathering time 
The release of cations from Conway granite sample 1 weathered by different 
solutions is shown in Figure 3.2. The second sample had a similar release pattern. In 
general, the release of Ca, Mg, Na, Fe, Al, and Si from the granite sample follows a 
parabolic curve similar to that reported from single mineral weathering experiments. Fe 
concentration does decrease after approximately 20 0  hours due to oxidization and 
precipitation in some weathering systems. Potassium, contrary to other studies (Huang 
and Keller, 1970; Huang and Kiang, 1972; Jorgensen, 1976; Song and Huang, 1988; 
Huang and Longo, 1992), showed a release pattern totally different from all other 
cations. It was first released very rapidly into solutions at the beginning of the 
weathering. Immediately following this fast initial release K was lost from solution nearly 
as rapidly, forming a potassium peak. This phenomenon could be caused by a mechanism 
of potassium internal adsorption and fixation by the altered surface layer (Chapter II). 
How well cation release followed a parabolic relationship depended on both the cation 
and the weathering solution. Cation release in inorganic acids was more parabolic than in 
organic solutions. The release of alkali and alkali-earth metals (except K) followed the 
pattern better than did Fe, Al and Si. The parabolic pattern implies, as in the single 
mineral weathering case, that the weathering process o f Conway granites could be 
grouped into two stages — very fast initial weathering stage and a second steady-state 
stage which slowly approaches equilibrium. The first stage usually lasted about 3-5 days; 
the speeds
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Figure 3 ^  Cation releases during Conway granite weathering by inorganic and 
organic solutions
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approaching equilibrium in the second stage were different among cation and solution 
combinations. Monovalent cation and inorganic acid solution combinations were faster 
than di- or tri-valent cation and organic solution combinations. Barman et al (1992) and 
Pace (1973) indicated that the second stage can be described as zero-order kinetics, and 
the second stage of Conway granite weathering does follow zero-order kinetics (Fig. 3.3). 
The difference o f the straight line and the second part o f  a normal parabolic release was 
not significant in our case.
Weathering Capabilities of Different Solutions
In literature, several criteria have be used to quantitatively evaluate the weathering 
capability o f a solution. The easiest and most common criterion is the mineral weathering 
rate calculated from framework cation steady-state release rates (mainly Si and Al, 
sometimes Ca, K, Na, Fe, or Mg) (Wogelies and Walter, 1991,1992; Mast and Drever, 
1987; Huang and Longo, 1992). The disadvantage of this method is that different mineral 
weathering rates can be obtained if two or more cations are used in the calculation. The 
second criterion is the concentration ratio o f a framework cation dissolved the solution 
and in DD water (Huang and Keller, 1970; Huang and Kiang, 1972). The third criterion 
is total molarity o f dissolved Ca, Mg, K, Na, Fe, Al, and Si at the termination of 
experiment (Heyes and Moore, 1992). Because the samples used in this study were 
multi-mineral systems (rock), the total accumulative molarity of major cations dissolved 
during the entire experiment were used to evaluate and compare the overall weathering 
capabilities o f the solutions studied. This method was similar to that of Heyes and Moore 
(1992) except that we used a cumulative total o f the entire experimental period, rather 
than only the concentration total in the second stage. This was done for several reasons.T) 
although the first stage was a special case (weathering o f  ultra-fine particles and broken 
edges), dissolution is still determined by the weathering capability of a substance; 2 ) the 
first stage weathering represents the weathering capability o f a solution under a different
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condition (larger surface area) and therefore the weathering capability obtained from the 
entire experiment data was a better representation than that obtained only using the 
second stage data; 3) the effect o f secondary precipitation such as Ca- and Mg-oxalate on 
the evaluation o f a solution's weathering capability could be reduced to minimum when 
the entire experiment data was used.
In the weathering experiment, three concentration levels for each solution were 
used. Fig. 3.4 shows the relationship of weathering capability and concentrations o f 
inorganic acid presented by H jS04 and of organic substances presented by EDTA. The 
weathering capability varied with the concentration and the variability is different for 
each weathering solution. This different behavior between organic and inorganic 
solutions is due to a difference in weathering mechanisms. Organic solutions exhibit a 
ligand-promoted weathering mechanism which is controlled by the surface 
stereochemistry. There are a limited number o f molecules that can be adsorbed on the 
surface. Above the concentration at which all the surface reaction sites are occupied the 
numbers of surface adsorbed molecules will not increase with additional increase in 
solution concentration. On the other hand, inorganic solutions have a proton-promoted 
mechanism which not only occurs on the surface but also in certain depth below the 
surface. Therefore, the proton-promoted dissolution is slightly different from the ligand 
promoted dissolution in term o f  the relationship between concentration and dissolution 
rate.
Although weathering capability was related to the concentration levels, here only 
one o f the concentration levels studied is compared and reported to show the tendency.
A similar relationship can be obtained for other concentration levels although the 
weathering capabilities of organic solutions are not linearly related to concentration. Fig. 
3.5 presents the total molarity o f cations dissolved from Conway granites by different 
solutions and Table 3.3 presents various elemental ratios of dissolved cations. They 
showed the following tendencies.
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Figure 3.4 Relationship o f Conway granite dissolution with concentration 
levels of weathering solution
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Table 3.3 Ratios of cations dissolved in weathering solutions*
Solutions & sample A I/Si Fe/Si Ca/Si Mg/Si AI/CMKN* Si/CMKN (Al/Si)w* (Ca/Si)w (Al/Si)w
H2S04 (0.0 IN) 14.21 14.80 15.34 1.87
Sample 1 
0.59 0.0417 11.89 2.17 72.55
HN03 (0.0IN) 16.16 12.20 19.66 1.91 0.48 0.0299 13.53 2.78 92.98
(NH)2C20 4 (0 .01M) 118.63 39.17 23.85 14.88 0.89 0.0075 11.38 0.11 0.08
KHP (0.01 M) 20.15 12.94 19.10 2.67 0.59 0.0295 16.87 2.71 90.35
H2Na2EDTA(0.01 %) 53.35 82.56 58.44 7.13 0.56 0.0104 44.82 8.28 276.48
Catechol (0.0 IM) 6.29 4.60 2.86 0.62 0.79 0.1259 5.27 0.40 13.51
HM-Na(0.0l%) 2.82 1.55 1.67 0.36 0.64 0.2266 2.36 0.24 7.91
DD Water 1.19 1.78 7.06 1.02 0.08 0.0655 1.00 1.00 0.07
Sample 1 0.21 0.05 0.01 0.00 1.10 5.1833 14.01 79.19 1.00
H2S04 (0.01N) 40.27 21.07 44.63 5.42
Sample 2 
0.53 0.0131 2.62 4.07 190.53
HNO3 (0.0 IN) 49.42 24.66 39.30 6.46 0.57 0.0106 3.22 4.22 233.78
H2c 2°4 (0 .0 1 N ) 97.65 84.67 55.95 19.40 0.71 0.0073 6.35 5.10 461.79
KHP (0.01 M) 18.01 8.78 15.46 1.49 0.69 0.0384 0.41 1.13 29.52
H2Na2EDTA(0.0l%) 53.43 36.27 39.30 6.46 0.57 0.0106 3.48 3.58 252.79
Catechol (0.0 IM) 11.92 6.47 4.04 1.01 0.59 0.0496 0.78 0.37 56.41
HM-Na(0,0l°/«) 11.09 2.81 3.94 0.90 0.49 0.0441 0.72 0.36 52.48
DD Water 15.37 2.92 10.98 2.00 0.37 0.0242 1.00 1.00 72.71
Sample 2 0.21 0.05 0.01 0.00 1.09 5.1378 0.014 0.001 1.00
f; The ratios were calculated from the pmo/ concentration in solution
*: CMNK is pmo/ sum of Ca, Mg, K, and Na
*: w is the ratio of a ratio dissolved in weathering solution
Two Inorganic Acids
HjS04 had a higher dissolution effect on cations than did HNO, of the same 
concentration (Fig. 3.6). This result was not consistent with the results o f Bajo et al. 
(1983), who showed that HjSO, was less effective than HC1 and HNO, in extracting 
uranium and thorium from granites. Fig. 3.2 showed, however, that HNO, initially 
dissolved more Mg, Na, and K than did HjS04. Particularly, HNO, dissolved much more 
K than did HjSO, at the initial weathering stage.
Catechol Solution
As mentioned in the introduction, catechol very efficiently dissolves 
aluminosilicate minerals (Jorgensen, 1976), dissolving more than any carboxylic acids 
including EDTA (Huang and Longo, 1992). This is due to the formation of both Al- and 
Si-catechol complexes. The higher Al and the highest Si concentrations in catechol 
solutions in this study also indicated a strong effect of catechol on the weathering of 
Conway granites, particularly on the extraction of Si (Fig. 3.2). The overall weathering 
capability o f catechol was not greater than that of EDTA (Fig. 3.5). The ratios of 
Al/(K+Na+Ca+Mg) and Si/(K+Na+Ca+Mg) in catechol solutions were among the 
highest o f the solutions used (Table 3.3). The weathering capability o f  catechol can be 
attributed to the combined effects of Si- and Al-chelation by catechol. Correns (1961), 
Bartels (1964), and Jorgensen (1976) have shown the formation of Si-catechol complexes 
was incomplete and simple hydrolysis predominated at pH lower than 9. Because the pH 
in our experiment was around 4.0, it seemed that the Si-catechol complex in the 
weathering of Conway granites was either steady around pH 4.0 or another mechanism of 
Si-catechol complexing exists.
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Figure 3.6 Impact of concentration levels on Ca dissolution during Conway granite 
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KHP. Solution
KHP had a smallest variation in solution pH during the entire weathering 
experiment (values not shown), indicating its buffer effect on the weathering solution.
The weathering capability o f KHP, however, was lower, only slightly higher than that of 
DD water. Wogelius and Walther (1991, 1992) showed that KHP could promote the 
dissolution of olivine through Mg complexation. This appeared not to occur with Conway 
granite. KHP and DD water dissolved similar amount o f Mg (Fig. 3.2). KHP did not 
promote any cation dissolution with the exception that slightly more Ca was dissolved 
from the first sample.
HtNaJEDTA Solution
HjNajEDTA preferentially dissolved Ca, Mg, Al, and Fe cations relative to other 
cations released. In general, the ratios of these cations to Si in the solutions were higher 
than all others except oxalic acid, and much higher than that of the rock samples (Table 
3.3). The high weathering capability o f EDTA solutions is related to its high complexing 
ability. Langmuir and Herman (1980) predicted that EDTA may be equivalent in 
complexing ability to some aqueous humic species. Our result showed that EDTA was 
much more effective than humic substances in weathering Conway granites.
Humic Acid Sodium Salt Solution
The overall weathering capability o f 0.01% humic acid sodium salt solution was 
similar to DD water (Fig. 3.5). This is not consistent with the widely believed high 
complexing capability of humic substances and the conclusion that dissolution capability 
of organic acids is controlled by the complexing capabilities of the acids rather than the 
acid disassociation constants (Huang and Kiang, 1972; Huang and Keller, 1970). The 
results are, however, consistent with several recent studies which reported humic 
substances (or macro organic molecules) have either no effect or inhibit the dissolution of
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minerals (Rubio and Matijevic, 1979; Zutic and Stumm, 1984; Chin and Mills, 1991; 
Heyes and Moore, 1992; Ochs et al., 1993; Smeck and Novak 1994). The humic acid 
molecules can form mononuclear bidentate or polynuclear surface complexes which 
block solvents access to the reaction sites under these complexes (Ochs et al., 1993). The 
ratio of cations to Si (Table 3.3) indicates that humic substance had no preferential 
extracting effects on any cations rather than a slight effect on Al, but humic substance 
dissolved more silicon than did all other solutions but catechol. This could be the result o f 
relatively high pH (>7.20) during weathering process.
Oxalic Acid and Oxalate Solutions
The weathering capabilities of oxalic acid and ammonium oxalate solutions were 
the most complicated among the solutions studied. The ammonium oxalate solution (0.01 
M) had the lowest overall weathering capability in sample 1 among the solutions other 
than DD water (Fig. 3.5), while 0.01 #  oxalic acid solution had the highest weathering 
capability in the second sample. The ratios o f cations to Si (Table 3.3) indicated that the 
main complexing reaction was the formation o f Al- and Fe-oxalate. Although the 
stabilities of these two complexes are low (pK value is 13 for Al-oxalate and 10 for Fe- 
oxalate) (Martell and Calvin 1952), the chelation effects did show in our experiment 
Oxalic acid and ammonium oxalate solutions had similar oxalate concentrations, so the 
higher weathering capability of oxalic acid can be attributed to higher H* activity. 
Therefore, the weathering capacity of oxalic acid is the combined effects o f proton- 
promoted and ligand-promoted dissolution. These combined effects gave oxalic acid a 
slightly higher weathering capability than inorganic acids.
Ca-oxalate did precipitate during Conway granite weathering (Fig. 3.7a). In the 
ammonium oxalate solutions, the higher the concentration, the lower the solution Ca 
concentration is. This is contrary to the normal concentration-weathering capability 
relationship discussed above. It can be best explained by Ca-oxalate precipitation during
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weathering process. At higher concentrations (the two lower curves o f Fig. 3.7a), Ca was 
released so rapidly at the beginning that the Ca and oxalate anion solubility product 
exceeded the Ca-oxalate solubility constant and precipitation occurred immediately after 
the weathering started, continuing to the end. For the low concentration, a slower Ca 
initial release did not make the solubility product immediately exceed the solubility 
constant. Solution Ca concentration continued rising until the solubility constant was 
reached and precipitation occurred (about SO hours after weathering started). After the 
precipitation, the Ca concentration gradually rose again due to the low oxalate anion 
concentration caused by precipitation. Due to Ca-oxalate precipitation, the weathering 
capability o f oxalate may be higher than that calculated in Fig. 3.5, we expected the 
increase would be low because the precipitation would be suppressed by the reduction in 
oxalate concentration.
In the oxalic acid solutions precipitation occurred at a later time (Fig. 3.7b). The 
dissolved Ca showed a typical relationship with the oxalate concentration. This is because 
as the oxalic acid concentration increases, the solution pH drops. Low pH makes Ca- 
oxalate precipitation more difficult, maintained the solution Ca at a relatively high level 
before precipitation occurred. This was further proven when precipitation occurred 
earlier in the second curve. Lower concentration means a higher pH and consequently 
earlier precipitation. Considering that KjCjO, is a weak acid, H* and the oxalic anion may 
be released gradually from the dissociation of HjC20 4 . The slow release of C20 42 kept a 
low concentration o f  oxalic anion in solution and Ca-oxalate precipitation consequently 
was slowed. It also allows dissociated C20 42- more chance to react with the mineral 
surface and dissolve more cations. Therefore, the higher weathering capability of oxalic 
acid is mainly due to the pH effect, but C20 42-also contributes.
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7
Comparison ofWeathering Mechanisms of Different Solutions
Conway granite dissolution in inorganic acid solutions was controlled by the 
proton-promoted dissolution reaction; the anions in the solutions have no chelating 
effects. In organic solution, both proton- and ligand-promoted processes exist, but the 
relative importance o f those two processes varied. Conway granite dissolution by EDTA 
acid was compared with EDTA disodium solution, and oxalic acid with ammonium 
oxalate solution of similar concentration (Fig. 3.8). 0.01 N  Oxalic acid had a overall 
weathering capability 8 times higher than 0.01 M  ammonium oxalate, while the 
weathering capability of EDTA acid solution was similar to its disodium salt of the same 
concentration. This implied that for oxalic solutions, proton-promoted dissolution of 
Conway granite dominated the weathering process, while ligand-promoted dissolution 
was the major process in EDTA solutions. A similar conclusion on oxalic solutions was 
reached by Mast and Drever (1987) in weathering oligoclase feldspar and tremolite 
amphibole using a fluidized bed reactor and buffered pH solutions.
General Order of Weathering Capability
A general weathering capability order of solutions studied is as following:
DD H ,0 < 0.01 ^ /(N H ^ C A  < 001 A^KHP = 0.01% HA-Na < 0.01 A/catechol < 
0.01 A/EDTA-2Na = 0.01 N  HNO, <0.01 N H ^O , < 0.01 JVHjC20 4
As showed in Figure 3.S, 0.01 A/KHP had a higher weathering capability than did 
0.01 % HA-Na in the weathering of the first sample but the reverse was true in the second 
sample. The two solutions were estimated to have similar Conway granite weathering 
capabilities. 0.01 M  EDTA disodium solution and 0.01 A^HNO, had similar weathering 
capabilities by the same reasoning
Comparing the general weathering capability order with the structures and 
complexing capacities of these solutions, following inferences can be drawn:
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1) For the inorganic acids, the main weathering reaction is the proton-promoted 
dissolution, but it is also affected by the environment in which the weathering occurs. 
HjSO, has a higher weathering capability than does HNO, o f the same H* concentration. 
This does not seem correct if dissolution is proton promoted. One explanation may be 
related to the dissolution environment — the ionic strength of the solution. Kline and 
Fogler (1981 a, b), Dove and Crerar (1990), Dove and Elston (1992), and Amrhein and 
Suarez (1992) have shown that ionic strength impacts mineral dissolution due to cation 
influence on path of Si detachment, and that ionic strength influences the activities of 
reactants, products, and deviation o f the dissolution. Also, ionic strength impacts the 
surface charge properties of the weathering mineral (Amhein and Suarez, 1992). Other 
factors may be playing a role, but these are not clear at this point
2) Proton-promoted and ligand-promoted dissolution act together, although in 
some cases one process dominates the other. More importantly, the two affect each other 
as discussed in the oxalic acid case. Any attempt to separate or ignore one of these two 
factors in a kinetic study is not appropriate.
3) The weathering capability of an organic substance depends not only on its 
overall complexing capacity, but also its chelating effect on an framework cation. For 
example, from the function group point o f view KHP, which has two carboxyl groups, 
should have a higher weathering capacity than catechol, which has only two hydroxy 
groups. Catechol has, however, a higher weathering capability due to its preferential Si 
and A1 complexation.
4) The molecular size and structure o f a organic substance impacts its 
enhancement effect on Conway granite weathering. Humic acid which is widely believed 
to have a high complexing capacity has very low capability to weather Conway granites, 
while oxalic acid, EDTA, and catechol (low molecular-weight organic substances) have 
much higher weathering capability. The low molecular-weight organic substances may 
play an important role in the weathering o f soil minerals. Of course, the short half lives of
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these low molecular-weight organic substances in soil must be taken into consideration 
when considering their role.
In conclusion, the enhancement effects of an organic substance on mineral and 
rock weathering is complicated. The effect depends not only on the complexing capacity 
of the organic substance, but also on other factors such as the functional groups, structure, 
and size and weight of molecule, the properties of mineral and rock, and the weathering 
environment. Particularly, the weathering capability o f an organic acid is usually the 
combined effects of proton-promoted and ligand-promoted dissolution and the two 
processes are not always playing an equal role. Any attempt to evaluate the weathering 
capability of an organic substance by only its complexing capacity, molecular structure 
and weight, or proton disassociation properties is not appropriate.
Acid precipitation likely increases the weathering of Conway granite, and 
consequently increases the mobility o f radionuclides. Humic substances may not be 
effective in directly weathering Conway granite, but this does not necessary mean humic 
substances are not important in the weathering of Conway granite. They may affect other 
processes in soil ecosystem which have direct impacts on the weathering of granite. For 
example, they can affect the microbial activity which helps control the generation of low 
molecular-weight organic substances in soil or weathered rock surface. The low 
molecular-weight organic substances may play an important role in the direct chemical 
and biochemical weathering of Conway granite, and consequently increase the 
radionuclide mobility. The result could be a greater radon contamination problem in 
groundwater.
CONCLUSIONS
(1) The release o f all cations except K from Conway granite during weathering follows a 
normal parabolic pattern.
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(2) Inorganic acids weather Conway granite mainly by proton-promoted dissolution but 
the environment can affect the weathering capability. The high weathering capability 
of catechol is due to its preferential dissolutions o f Si and Al. KHP has a low 
weathering capability on Conway granite, and only shows slightly preferential Al 
dissolution. EDTA and oxalic acid dissolve Conway granite by the combined effects 
of proton-promoted and ligand-promoted reactions, but the two processes do not 
always play an equal role and they interact with each other. Humic substances have a 
much lower weathering capability on Conway granite than expected when 
considering their cation complexing capacity.
(3) The general order o f weathering capability of the solutions studied on Conway 
granites is
DD HjO < 0.01 A/(NHJ2C20 4 < 0.01 A/KHP = 0.01% HA-Na < 0.01 M  catechol 
< 0.01 A/EDTA-2Na = 0.01 N  HNO, < 0.01 Af l^SO, < 0.01
(4) A comprehensive consideration should be used when evaluating the weathering 
capability of an organic substance on a mineral or rock.
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CHAPTER IV




The less than 45 \un specimen of Conway granite sample 1 was used in this 
study. For sample collection and preparation, see chapter II.
Separation of Minerals from Conwav Granite
The individual minerals in Conway granite were separated by hand, with the help 
of a table magnifier and magnet. Quartz can be readily distinguished from other minerals 
by the naked eye. The Conway granite contains several crystal and compositional forms 
of quartz which can be distinguished from the colors of the minerals. Only the best and 
uniformly colored quartz grains were collected. Biotite is less variable than quartz and 
easily separated, except for the time required to collect enough sample. Perthitic 
microcline and plagioclase were not separated because of the close connection of these 
minerals in the rock and the assumption that their weathering rates can be calculated from 
the release rates of their major constituent cations. The best gray-colored plagioclase and 
reddish-colored perthitic microcline were collected and used in the experiment. The 
collected individual mineral samples were further prepared for weathering as described 
for the Conway granite sample.
Surface Area and Chemical Composition
See Chapter HI.
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weathering Solutions
The weathering solutions (Table 4.1) were prepared as in Chapter m .
Weathering Experiment and JErpcedum
A batch method was used for the weathering experiment For detailed information 




Weathering Rates of Conway Granite and Its Constituent Minerals
Elemental Release Rate During Weathering o f Conwav Granite and its 
Constituent Minerals
The elemental release during weathering of Conway granite and its constituent 
minerals is a typical parabolic pattern (Fig. 3.2, Fig. 4.1). The first stage is a fast release 
stage resulting from, according to the diffusion-layer controlled model (Paces 1973, 
Buserbery and Clementy, 1976, Chou and Wollast, 1984; Wollast and Chou 1992; 
Hellmann et al 1990, Hellmann 1994), the gradually formation of the diffusion layer on 
the surface of weathering mineral grain. The second weathering stage shows a steady- 
state rate except for Fe and K releases in some experiments. The second stage can be also 
considered as zero-order kinetic model (Chapter II). The elemental release constants 
(Table 4 .1) indicate the concentration change of a cation in the weathering solution with 
the increasing weathering time or elemental release rate. These constants are obtained
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biotite 0.01 NIIjS04 -0.00013 0.0024 100.415 0.0022 0.9017 3.5080 0.0093 0.8649 81.1928 0.0073 0.8316 31.406
feldspars 0.01 N IIjSO, 0.012263 0.9924 37.0870 0.0146 0.9744 23.0440 0.0003 0.8771 2.1449 0.0004 0.9404 0.9328
quartz 0.01 N ll,S04 -0.00294 0.0666 7.6457 0.0032 0.9890 2.1804 O.OOOS 0.4070 2.7824 0.0011 0.9536 0.7873
Conway granite 0.01 N ll,S04 0.006201 0.9915 5.2794 0.0043 0.9943 2.5407 0.0152 0.9840 31.4910 0.0019 0.9481 2.1644
feldspars 0.01 NIINO, 0.013384 0.9515 34.4341 0.0149 0.9783 21.4900 0.0008 0.9741 5.2266 0.0003 0.9782 0.8229
quartz 0.01 N UNO, 0.000923 0.1936 4.9230 0.0030 0.9912 2.0492 0.0019 0.9599 5.0826 0.0009 0.9734 0.3368
Conway granite 0.01 N UNO, 0.003043 0.9500 3.8038 0.0041 0.9925 2.1189 0.0015 0.9919 22.6438 0.0018 0.9700 1.3306
feldspars 0.01 N ll,C,04 0.004400 0.5997 38.1120 0.0110 0.9303 23.4412 0.0009 0.2923 5.1746 0.0001 0.1971 1,1591
quartz 0.01 N lljC20 4 0.002400 0.6473 5.2157 0.0033 0.9866 2.1890 0.0022 0.8198 6.5796 0.0004 0.7486 1.3328
feldspars 0.001 M NajlljBDTA 0.007087 0.7252 19.9687 — — - 0.0061 0.9510 3.0681 0.0003 0.3126 0.7693
quartz 0.001 M NajH2EDTA 0.001800 0.7030 3.7478 — - — 0.0067 0.9927 2.1277 0.0006 0.9683 0.4273
Conway granite 0.001 M NajHjEDTA 0.000162 0.0724 3.5341 — « — 0.0014 0.8390 I0.20SI 0.0003 0.6460 0.5502
feldspars 0.001 M H4EDTA •0.00482 0.0477 39.9390 0.0060 0.9283 24.2029 0.0012 0.8696 3.5321 0.0000 0.0036 0.8114
quartz 0.001 M H4EDTA 0.006400 0.7869 3.9802 0.0025 0.9680 2.1876 0.0076 0.9315 4.2914 0.0014 0.8786 0.9967
feldspars 0.10 M Kill* — — - 0.0020 0.8927 9.2304 0.0053 0.9430 2.8210 0.0002 0.9793 0,7377
quartz 0.I0MKIIP — - — 0.0019 0.9598 2.4306 0.0076 0.8574 3.3557 0.0006 0.9997 0,5025
Conway granite 0.I0MKIIP — - — 0.0010 0.9831 2.1337 0.0009 0.9660 10.7698 0.0010 0.9927 0.6425
feldspar 0.01 M Catechol 0.00363 0.8030 28.2970 0.0110 0.9718 20.2158 0.0038 0.9336 1.3342 O.OOOS 0.9275 0.4404
quartz 0.01 M Catechol •0.0004 0.0049 5.2112 0.0024 0.9636 1.7529 0.0063 0.9760 2.2673 0.0010 0.9992 0.3791
Conway granite 0.01 M Catechol 0.002637 0.1540 4.8005 O.OOOS 0.0851 2.9966 0.0189 0.9860 5,7725 0.0058 0.9964 0,2204
biotite 0.01 %HA sodium 0.02630 0.8073 83.9890 0.0020 0.9185 6.5472 0.0002 0.1401 1.5837 0.0021 0.5169 2.0267
feldspars 0.01 %IIA sodium 0,00336 0.8323 6.4381 (MKI30 0.8396 8.8078 0,0012 0.9152 1.6157 0.0002 0.9086 0.2494
quartz 0.01 %IIA sodium •0.00100 0.0564 3.7687 0.0006 0.9601 6.8837 0.0024 0.8945 3.1669 0.0003 0.9166 0.5223
Conway granite 0.01 %IIA sodium -O.OOI38 0.2609 3.7646 - « - 0.0011 0.9856 5.1667 0.0006 0.9472 0.5872
feldspars DD water 0.007036 0.7164 5.8439 0.0058 0.9514 5.7911 0.0013 0.9332 0.0914 0.0002 0.9651 0.0052
quartz DD water -0.00104 0.0451 3.7992 0.0020 0.9734 1.4242 0.0020 0.8383 1.9321 0.0001 0.8071 0.2799
Conway granite DD water 0.001018 0.8967 1.4330 0.0007 0.9796 0.8790 0.0012 0.9531 0.9898 0.0002 0.9783 0.2939





















biotite 0.01 N ll,SO« -0.0603 0.92S0 56.1077 0.0100 0.9040 55.0323 0.000020 0.3934 0.0146
feldspars 0.01 N lljS04 0.0029 0.7524 7.5681 0.0359 0.9776 16.6617 0.000045 0.8744 0.0053
quartz 0.01 N IIjSO, 0.0I0S 0.9397 6.9375 0.0117 0.9890 2.4444 0.000026 0.4300 0.0041
Conway granite 0.01 N ll2S04 0.0340 0.3861 29.3193 0.0157 0.9667 17.3722 0.000764 0.2129 1.3227
feldspars 0.01 N UNO, -0.0009 0.3773 7.5364 0.0413 0.9897 14.4859 0.000036 0.9033 0.0117
quartz 0.01 N UNO, 0.0074 0.9616 5.2446 0.0101 0.9981 2.0612 0.000034 0.9751 0.0099
Conway granite 0.01 N IINOj 0.0239 0.9864 19.0349 0.0234 0.9965 9.6873 0.002732 0.9885 0.1315
feldspars 0.01 N ll2C20 4 0.0016 0.0959 13.2407 0.0284 0.413 15.7526 0,000120 0.5393 0,0068
quartz 0.01 N lljC20 4 0.tH)74 0.8S88 14.4387 0.0115 0.9953 3.5066 O.OOOI73 0.9427 -0.0149
feldspars 0.001 M NajlljHDTA 0.0067 0.8863 6.9639 0.0170 0.9461 4.8228 0.000093 0.9107 0.0119
quartz 0.001 M Na2ll2EDTA 0.0060 0.9596 3.7432 0.0081 0.9948 0.2418 0.000102 0.8217 0.0091
Conway granite 0.001 M NajlljEDTA -0.0004 0.0163 23.0608 0.0016 0.7039 7.8357 0.000035 0.0098 0.4374
feldspars 0.001 M H4EDTA 0.0012 0.2317 9.8905 0.0161 0.9923 15.7878 0.000127 0.8934 0.0009
quartz 0.001 M H4EDTA 0.0132 0.8900 10.1288 0.0102 0.9933 1.8030 0.000095 0.9800 -0.0043
feldspars 0.10 MKHP 0.0019 0.4100 8.5801 0.0252 0.9678 9.2479 0.002035 0.8972 9.2304
quartz 0.I0MKIIP 0,0097 0.9998 3.4235 0.0069 0.9907 -0.0688 0,000127 0.9832 0.0253
Conway granite 0.10 M Kill* 0.0114 0.9690 20.5171 o .o in 0.9801 7.6223 0.006686 0.8719 1.4672
feldspar 0.01 M Catechol -0.0014 0.0884 4.0072 0.0158 0.9897 5.6833 0.002760 0.9168 0.0905
quartz 0.01 M Catechol 0.0022 0.6322 2.0495 0.0054 0.9835 -0.1220 0.001071 0.8771 0.0436
Conway granite 0.01 M Catechol 0.0238 0.8571 8.0650 0.0305 0.9930 6.8986 0,000455 0.1798 1.8626
biotile 0.01 %IIA sodium -0.0008 0.0006 10.8133 0.0018 0.7926 0.2812 0.000082 0.0461 0.0437
feldspars 0.01% IIA sodium 0.0009 0.9528 1.3666 0.0020 0.9791 0.4551 0.000068 0.8119 0.0259
quartz 0.01 % IIA sodium 0.0010 0.8393 1.3451 0.0014 0.9506 0.1190 0.000040 0.1633 0.0749
Conway granite 0.01 %IIA sodium O.OOOS 0.0610 3.6643 -0.0026 0.7700 3.8294 -0.00139 0.9896 1.5105
feldspars DD water 0.0002 0.6144 0,2067 0.0049 0.9018 -0.4607 0.000032 0.9004 0.0014
quartz DD water -0.0001 0.0963 0.1997 0.0011 0.9675 0.0743 0.000063 0.8840 0.0015
Conway granite DD water 0.0021 0.9433 -0.1172 0.0003 0.9542 0.2107 0.000425 0.6742 0.2159
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Figure 4.1 Cation release 1 ! g Conway granite’s constituent mineral weathering
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from the linear regression of the second weathering stage data. The results show that, in 
the interpretation o f elemental release data from mineral weathering, both the constant 
and intercept should be taken into consideration. Sometimes, the cation release rates from 
mineral weathering seems not consistent with the mineral's stability. For example, in the 
weathering experiments by 0.01 N H2SO4, the Si release constant for biotite is 2.00 x 10' 5 
mgL:1 hr1, while that for quartz is 2.57 x 10*5 mgLrlhrl . The higher rate for quartz seems 
contrary to the observation that biotite is more easily weathered than quartz. One 
explanation is that the Si concentration in the biotite weathering solution is higher than 
that in the quartz weathering solution, as indicated by the linear regression intercepts. The 
intercept for biotite is 0.0146 mgL'1 while that for quartz is only 0.0053 mgL'1. Thus, in 
the second weathering stage, the biotite weathering solution is closer to equilibrium or to 
solution saturation than is the quartz weathering solution. Consequently, the elemental 
release rate during biotite weathering is slower than that o f quartz. This is also explaining 
the negative constants (Table 4.1) for Fe and K releases in a few weathering experiments, 
indicating that the cation concentration in the weathering solution decreases with 
increasing weathering time. For Fe, the decrease may be caused by oxidation and 
precipitation, and for K reversal diffusion and internal fixation in the altered layer on the 
mineral surface. High Fe and K concentrations in the second stage are inherited from the 
fast releases in the first stage.
Laboratory Mineral. Weathering Rates
Weathering rate of a mineral is usually derived from its chemical composition and 
the elemental release rates of its major constituent cations. Because the elemental release 
rates of different cations during mineral weathering vary, the weathering rates calculated 
in such manner varies and sometime the difference is significant (Johnson et al, 1968; van 
Grinsven and van Riemsdijk, 1992). Table 4.2 shows the weathering rates of Conway 
granite and its constituent minerals in different weathering solutions. The rate are
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Table 4.2 W eathering rates o f Conway granite and its minerals (kg nr2 s'1 )
Minerals Solutions K Na Fe CA Mg Al Si
biotite 0.01 N ll2S04 -2.60 x 1014 3.34 x 10" -2.80 x 10" 6.71 x 10" 7.01 x 10" 1.94 x 10" 1.06 x 10"
feldspars O.OINHjSO« 1.45 x 10'" 2.56 x 10-” 1.04 x 10" 4.72 x 10" 6.64 x 10 " 2.67 x 10" 1.08 x 10"
quartz 0.01 N H2S04 -6.30 x 1012 1.61 x 10 " 6.95 x 10" 9.61 x 10" 1.77 x I0"> 1.19 x 10" 4.18 x 10 "
Conway granite 0.01 N ll2S04 1.14 x 1011 1.12 x 10" 1.49 x 10 " 1.98 x 10" 1.93 x 10 " 1.69 x 10" 1.65 x 10 "
feldspars 0.01 N UNO, 1.84 x 1011 2.61 x 10" -3.20 x 10 " 1.43 x 10 " 4.05 x 10 " 3.06 x 10" 8.75 x 1016
quartz 0.01 N UNO, 1.96 x 10 11 1.49 x 10" 4.93 x 10 " 3.89 x 10" 1.40 x 10'® 1.03 x 10 " 5.45 x 1014
Conway granite 0.01 N UNO, 9.28 x 10 " 1.07 x 10" 1.04 x 10 " 1.88 x 10" 1.86 x 10" 2.52 x 10 " 5.89 x 10 "
feldspars 0.01 N ll2C20 4 5.21 x 10" 1.92 x 10" 5.68 x 10 " 1.66 x 10" 1.67 x 10 " 2.11 x 10" 2.88 x 10"
quartz 0,01 N H2C20 4 5.11 x 10" 1.67 x 10" 4.93 x 10 " 4.66 x 10" 6.75 x 10 " 1.17 x 10" 2.81 x 10 "
feldspars 0.001 M NOjIIjIsDTA 8.39 x 10 11 — 2.38 x 10 " 1.12 x 10" 4.34 x 10 " 1.26 x 10" 2.23 x 10 "
quartz 0.001 M NajlIjKDTA 3.83 x 10 11 -- 3.95 x 10 " 1.40 x 10'° 9.11 x 10" 8.21 x 10" 1.66 x 10"
Conway granite 0.001 M Na2lt2EDTA 2.98 x 10 " - -1.70 x 10" 1.80 x 10" 3.20 x 10" 1.78 x 10" 7.50 x I 0 14
feldspars 0.001 M H4EDTA -5.70 x 10" 1.06 x 10" 4.08 x 10" 2.24 x 10 " 1.88 x 10" 1.20 x 10" 3.05 x 10 "
quartz 0.001 M H4EDTA 1.36 x 10" 1.26 x 10" 1.01 x 10"> 1.59 x 10*° 2.10x 10‘° 1.04 x 10" 1.55 x 10 "
feldspars 0.10 MKHP — 3.50 x 10" 6.83 x 10" 9.68 x 10" 3.18 x 10" 1.87 x 10" 4.89 x 10"
quartz 0.10 MKHP — 9.67 x 10" 6.43 x 10 " 1.58 x 10'° 9.89 x 10" 6.98 x 10" 2.06 x 10"
Conway granite 0.10 MKIIP — 2.67 x 10" 4.97 x 10" 1.12 x 10" 1.03 x 10 " 1.19 x 10" 1.44 x 10 "
feldspar 0.01 M Catechol 4.32 x 1011 1.93 x 10 " -5.00 x 10" 6.85 x 10" 7.99 x 10" 1.17 x 10" 6.63 x 10 "
quartz 0.01 M Catechol -8.50 x 10-” 1.22 x 10" 1.47 x 10" 1.30 x 10‘° 1.60 x 10'° 5.45 x 10" 1.74 x 10 "
Conway granite 0.01 M Catechol 4.89 x 10 " 1.07 x 10" 1.04 x 10 " 2.46 x 10" 5.94 x 10 " 3.30 x 10 " 9.81 x 10 "
biotite 0.01 %HA sodium 5.28 x 1011 3.03 x 10 " -3.50 x 10" 1.41 x 10" 2.06 x 10" 3.59 x 10" 4.34 x 10 "
feldspars 0.01 */• HA sodium 3.98 x 1011 5.18 x 10" 3.21 x 10" 2.21 x 10" 2.59 x 10" 1.51 x 10" 1.63 x 10 "
quartz 0.01 %IIA sodium -2.10 x 10" 3.08 x 10 " 6.70 x 10" 5.07 x 10 " 4.94 x 10 " 1.45 x 10 " 6.49 x 10 14
Conway granite 0.01 %HA sodium -2.50 x 1011 — 2.15 x 10 " 1.38 x 10 " 6.43 x 10 " -2.80 x 10" -3.00 x 10 "
feldspars DD water 8.33 x 10" 1.00 x 10" 8.21 x 10" 2.38 x 10 " 3.33 x 10 " 3.48 x 10" 7.62 x 1014
quartz DD water -2.20 x tO 'J 9.87 x 1012 -5.60 x 10 " 4.06 x 10" 2.18 x 10 " 1.14 x 10" 1.03 x 10 "
Conway granite DD water 1.87 x 10" 1.92 x 10 " 9.03 x 10 " 1.51 x 10" 1.80 x 10" 2.81 x 10" 9.16 x 10 "
Conway granite^ O.Ot NHNOj 3.42 x 10 " 3.61 x 10" 4.50 x 10'° 3.41 x 10 >° 1.19 x 10'° 2.60 x 10" 1.07 x 10 "
t :  Conway granite weathering rate obtained from fluidizcd bed reactor weathering.
calculated from the elemental release constants, surface areas of samples, and the 
chemical composition of the rock and minerals (Table 4.3). The specific cation picked for 
the mineral weathering rate calculation is an important factor in determining the rate
Table 4 3  Chem ical composition o f  Conway granite and its constituent minerals (%)
Oxides Quartz Biotite Feldspar M ixture Conway Granite
SiOa 97.60 29.9 66.1 73.7
AI2O3 138 733 18.9 13.0
CaO 0.05 1.44 0.57 0.80
M gO < 0.01 138 < 0.01 0.12
Na20 0 3 0 0.66 5.72 3.84
k 2o 0.42 4.45 7.55 4.86
Fe2 0 3 0.16 22.50 0 3 0 2.43
value. The weathering rate for a mineral varies significantly when different cations are 
used to calculated the rate. For example, biotite weathering rate in 0.01 N H2 SO4  
solution is 1.94 x 10*12 kg m'2s*1 if  Al release rate is used but 1.06 x 10'15 kg m'2s-' if  Si 
release rate is used in the calculation. In single mineral weathering studies the release rate 
of one major constituent cation is used to derive the mineral weathering rate. The 
constituent ions used include Na for albite, K for potassium feldspars, Mg or Fe for 
olivines etc. (Chou and Wollast, 1985; Amrhein and Suarez, 1992; Wogelius and 
Walther, 1991, 1992; Stumm and Wollast, 1990). Therefore, the following assumptions 
have been made in translating ion release rates (Table 4.2) to weathering rates for 
Conway granite and its minerals (Table 4.4): 1) Since Si is the major ion in quartz, 
release rate o f this ion should be used to calculate the weathering rate; other cations 
come from the impurities or substitutions. 2) Precipitation or adsorption at the second 
stage o f biotite weathering makes Fe and K unsuitable for calculating the weathering 
rate. Mg is the better choice to calculate biotite weathering rate. 3) all the K released in 
the weathering o f feldspar mixture comes from weathering o f perthitic microcline.
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Table 4.4 Laboratory weathering rates o f Conway granite and its constituent minerals (kgm 'W  )
Solutions Quartz Biotite Perthctic Plagioclase (Na) Plagioclase (Ca) Conway
____________________________________________________ microcline______________________________________________granite
0.01 N IIjSO, 4.18 X 10-16 7.01 X 10” 1.45 x 1 0 ” 2.56 x 1 0 ” 4.72 X 10” 1.69 x 1 0 ”
0.01 N H N O , 5.45 X 1QI6 — 1.84 x 10” 2.61 x 10” 1.43 X 10” 2.25 x 1 0 ”
0.01 N H2C ,0 , 2.81 X 10” -- 5.21 x 10” 1.92 x 10” 1.66 X 10” --
0 .001 M Na,H,EDTA 1.66 X 10” — 8.39 x 10” — 1.12 X 10” 1.78 x 10”
0.001 M H4BDTA 1.55 X 10” « -5.70 x 1 0 ” 1.06 x 1 0 ” 2.24 X 10” —
0.10 M Kill* 2.06 X 10” — 3.50 x 10” 9.68 X 10” 1.19 x 1 0 ”
0.01 M Catechol 1.74 X 10” — 4.32 x 10” 1.93 x 10” 6.85 X 10” 3.30 x 1 0 ”
0.01 %  HA sodium 6.49 X 10 '* 2.06 X 10” 5.28 x 10” 5.18 x 10” 2.21 X 10” -2.80 x 10”
DD W ater 1.03 X 10” — 8.38 x 10” 1.00 x 10” 2.38 X 10” 2.81 x 10”
0.01 N U N O / — -- — — — 2.60 x 10”
Average 3.12 X 1 0 ” 4.54 X 1 0 ” 1.33 x 10” 1.89 x 10” 4.23 X 10” 1.19 x 10”
t :  Conway granite weathering rate obtained from fluidized bed reactor weathering.
Therefore, perthitic microcline weathering rate is derived from the K release rate.
Because the weathering rate of plagioclase depends on the Na/Ca ratio in the mineral 
(Casey et al, 1991), plagioclase weathering rates calculated from both Na and Ca release 
rates are provided. 4) Al is the most common cation in the major easy-weathering 
minerals of Conway granite. Therefore, the weathering rate of Conway granite is derived 
from the release rate o f Al. Si is not used because Conway granite weathering in the 
second stage is still not stoichiometric.
Laboratory weathering rates (kg m V1) in the solutions studied are 2.82 x 1 0 '14 - 
3.30 x 10*12 for Conway granite, 2.06 x 10*12 - 7.01 x 10*12 for biotite, 5.21 x 10*13 - 5.28 x 
10' 12 for perthitic microcline, 5.18 x 10' 13 - 2.61 x 10*12 for plagioclase, and 4.18 x 10*16 - 
1.74 x 10*14 for quartz (Table 4.4). The values seem reasonable in term of the mineral 
stabilities. The general trend of mineral stability in all weathering solutions is Quartz > 
Plagioclase > perthitic microcline > biotite. This trend is consistent with Goldich 
weathering series (Goldich, 1938), but slightly different from the results obtained by 
Harriss and Adams (1966). The data is also consistent with weathering capacity o f 
different solutions (Chapter II). First, quartz has the highest weathering rate in catechol. 
This is because catechol can form soluble complexes with Si. Second, quartz weathering 
rates in Na2H2EDTA and H4EDTA are almost the same, while plagioclase and perthitic 
microcline have higher weathering rates in H4EDTA than NailfcEDTA. This indicates 
that the major weathering mechanism in EDTA solutions is ligand-promoted dissolution 
although the proton-promoted dissolution can play a role. Because dissolution by EDTA 
is ligand-promoted and quartz contains few cations, quartz weathering rates in 
NazHzEDTA and H4EDTA are similar. Third, the weathering rates o f Conway granite and 
its minerals are similar in the two inorganic acid solutions. In addition to the actual 
measured weathering rate, Conway granite weathering rate can also be calculated from its 
individual mineral weathering rates and its mineralogical composition, assuming that the 
individual minerals contribute to the Conway granite dissolution in the same proportion
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as the mineral composition. The calculated, in such manner, Conway granite weathering 
rate in 0.0100 N H2SO4 is 1.46 X 10*12 kg m*2 s '1, very close to the 1.69 X 10' 12 kg m' 2 
s' 1 measured weathering rate in the same solution.
Observations which should be carefully handled in interpreting weathering rate 
data are the negative weathering rate values, which do not necessarily mean low mineral 
weathering rate. They only show that the release o f cations can sometime be exceeded by 
the cation adsorption or precipitation. The reality is that the mineral weathering rate is 
actually high and the solution becomes saturated due to the cations’ fast release in the 
first weathering stage. This relationship of weathering rate with solution cation 
concentration can be more easily seen by comparing Conway granite weathering rates 
obtained by batch method and that by fluidized bed reactor method. The weathering rate 
of Conway granite in 0.01 N HNO3 solution from the batch method is 2.25xl0'12 kgm 'V1 
, while the rate from fluidized bed reactor is 2.60 x 10*11 kg m 'V 1. The rate in fluidized 
bed reactor method is about 10 times higher than that in batch method. Among other 
reasons, the continuously diluted matrix in the fluidized bed reactor method plays the 
major role. Chou and Wollast (1984) and van Grinsven and van Riemsdijk (1992) have 
shown that the laboratory mineral weathering rate is affected by the techniques used in 
the weathering experiments. The fluidized bed reactor method usually results in the 
highest weathering rate since the weathering products are continuously removed from the 
weathering solution. The batch methods yield intermediate rate values and the rates 
obtained from column method are usually the lowest, but the closest one to weathering 
rates obtained in field studies.
Comparison of Laboratory and Field Weathering Rates
Conversion of Laboratory Rate to Field Rate
One difficulty in the comparison of laboratory rates and field rates is that the two 
rates are usually expressed in different units, the former in dissolved mineral weight per
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unit mineral surface area per unit time and the later in dissolved mineral weight per unit 
land area per unit time. This is one of the many potential factors which causes 
discrepancy between laboratory and field rate data. Velbel (1986) worked out an equation 
to convert the laboratory weathering rate into field rate, basing on the modal mineral 
composition o f bed rock, mineral size and shapes, and the depth of weathering profile in 
the field. This conversion has improved the accuracy of the comparison. The equation is 
rjb j/d j Nj Is = r j ra (4.1)
Where: bj — a shape factor of mineral j  relating particle surface area to particle size
dj — the grain size o f mineral j  in term of diameter or side length depending on 
the shape o f the mineral grain 
Nj — the volume of mineral j  per volume of bedrock or the modal composition 
of bedrock
Is — the mean thickness of the weathering profile 
r j , r  jm — the laboratory and field weathering rates o f mineral j  
The shape factor is constant for any given grain geometry; 6  for spherical and cubic 
grains, 8 for cylindrical shapes with a height 2  times diameter, and 14 for lath-like shapes 
with length o f 5 times height
Converted Field Weathering Rates of Conwav Granite and its Constituent 
Minerals
The field weathering rates (Table 4.5) were calculated with the assumptions that: 
1) the mean thickness of the weathering profile is 1 meter, about the average soil and 
saprolite depth in Conway granite area; 2) quartz is spherical with a side length of 1.00 
mm; 2) biotite is rectangle o f 0.5mm width, 2.0mm length, and 5.0mm height; 3) perthitic 
microcline is cylindrical with a  diameter (0.50 mm) equal to half o f the height; 4) 
plagioclase is lath-like with length (1.2 mm) o f 5 times the height; and 5) the modal 
mineral composition of Conway granite is 30% quartz, 48% perthitic microcline, 16%
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Table 4.S Calculated field weathering rates o f  Conway granite and its constituent minerals (kg m'2 watershed s'1 )
Solutions Quartz Biotite Perthctic
microcline
Plagioclase (Na) Plagioclase (Ca) Conway
granite
0.01 N HjS04 7.52 x 10 ” 2.10 x 109 3.71 x 10’ 3.82 x 10’ 7.05 x 1010 8.45 x 10’
0.01 N HNO, 9.81 x 10” — 4.71 x 10’ 3.89 x 10’ 2.14 x 10 ’ 1.13 x 10*
0.01 N H,C,04 5.06 x 10” — 1.33 x 10 ’ 2.87 x 10’ 2.47 x 10’ —
0.001 M Na,H,EDTA 2.99 x 10” — 2.15 x 10 ’ — 1.67 x 10 * 8.90 x 10*°
0.001 M H<EDTA 2.79 x 10” — -1.46 x 10* 1.58 x 10’ 3.34 x 10’ —
0.10 MKHP 3.71 x 10” — — 5.23 x 10 ’ 1.45 x 10* 5.95 x 10 *
0.01 M Catechol 3.13 x 10 ” — 1.11 x 10’ 2.88 x 10 ’ 1.02 x 10 • 1.65 x 10 *
0.01 % HA sodium 1.17x10” 6.18 x I0-'° 1.35 x 10 * 7.74 x 1010 3.30 x 10’ -1.40 x 10’
DD Water 1.85 x 10 ” — 2.13 x 10 ’ 1.49 x 10* 3.56 x 10’ 1.41 x 10'°
0.01 N UNO,t — — — — — 1.30 x 107
Average 5.62 x 10 ” 1.36 x 10’ 3.40 x 10’ 2.82 x 10’ 6.32 x 10 ’ 5.97 x 10’
t :  Conway granite weathering rate obtained from fluidized bed reactor weathering.
plagioclase, and 5% biotite. These assumptions are based on Frye (1965) study of 
Conway granite composition and crystallization history.
The corresponding field weathering rates of Conway granite and its constituent 
minerals in kg mr2 watershed r 7 are 1.41 x 10' 10 -1.13 x 10"* for Conway granite, 6.18 x 
10’10 - 2.10 x 10‘9 for biotite, 1.11 x 10*9- 1.35 x 10*8 for perthitic microcline, 7.05 x 10' 
10 - 1.67 x 10"8 for plagioclase, and 7.52 x 10‘13 - 3.13 x 10~u for quartz.
Comparisons of Laboratory Weathering Rates with RatesObtained from
Field Studies
Because no data on the field weathering rates o f Conway granite and its 
constituent minerals were found, the comparison of laboratory weathering rates with field 
rates is made using the field weathering rate information for areas near the Conway 
granite region. Johnson et al (1968) studied, using geochemical mass balance method, the 
weathering rate o f six small watersheds in Hubbard Brook Experimental Forest. They 
calculated the weathering rate at Hubbard Brook was about 800 kg her1 y r l. Likens 
(1995) gave a best estimation of cationic denudation (net cationic loss from ecosystem 
plus long-term storage within the system) at Hubboard Brook is about 2000 Eq her1 y r l. 
To compare with this rate, an average of Conway granite laboratory weathering rates in 
all the solutions studied in this research has to be used, even though the solutions are not 
the same in compositions and concentrations. The average is 1890 kg her1 y r l, only 2.36 
times higher than the 800 kg her1 y r l field rate. The average of organic substance 
contents in the solutions used is about 4A7g L'1, which is substantially higher than 100 
mg L'1 organic substance content in a normal soil solution and 10 mg Lrl in surface 
water (Langmuir and Herman, 1980). However, the major component o f the average 
organic substance is KHP which has a very low weathering capability (Chapter II). The 
average content o f  organic substance without KHP would be 0.47267 g  L~l. In addition, 
the weathering solution pHs in our laboratory study are also lower than that in field
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study. Taking all these factors into consideration, the 1890 kg her1 y r l estimation is not 
far from reality. Therefore, the laboratory rate is a good reference to field rate.
An average weathering rate for each individual mineral is also computed in the 
same way as for Conway granite. The rates are compared with the results o f Swoboda- 
Colberg and Drever (1993) who conducted a comparison study on laboratory and field 
weathering rates at the U. S. Environmental Protection Agency Watershed Manipulation 
Project at Lead Mountain, Me, adjacent to the Bear Brook watershed. The laboratory 
rates are 2 order in magnitude higher than the field rates, except for quartz which is 3 
order higher (Table 4.6). This discrepancy is consistent with most other studies, as 
discussed in the introduction. It seems the o f  Swoboda-Colberg and Drever (1993) 
weathering rate for quartz, which is not significantly different from their other mineral 
weathering rates, is a little bit higher than the rate commonly observed.











Biotite 1.36 x  10-* 1.12 x  10-" 121.43
Perthetic microcline 3.40 x  10-9 4.06 x  10-" 83.74
Plagioclase 2.82 x  I O'9 3.90 x 10-" 7231
Quartz 5.62 x  10-* 1.21 x  10-*' 0.46
Table 4.7 lists the weathering rate ratios of all mineral pairs in the two studies. 
The ratio o f our laboratory rates for a given mineral pair is very close to the ratio o f field 
rates of the same pair of minerals, except those pairs including quartz. This comparison 
provides another piece of evidence for Velbel’s (1933) conclusion that the coefficient 
which corrects the weathering rate for any mineral from a laboratory data-set to a field 
rate data is identical to the corresponding coefficient for any other mineral in the same 
data sets. If further study also proves this conclusion, a way could be created to make the
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voluminous literature o f laboratory study on the single mineral weathering useful to field 
studies. That is, the laboratory weathering rates can be used to predicate field rates or to 
use field rates calculated from lab. rates as shown above in geochemical modelings.
Table 4.7 Weathering rate ratios of mineral pairs
Mineral pairs Laboratory rate ratios 
(this study)
Field rate ratios 
(Swoboda-Colberg & Drever, 1993)





Perthitic microcIine/Quartz 604.98 33554
Plagioclase/Quartz 503.57 3.2231
CONCLUSIONS
The weathering rates (kg nr2 srl ) for Conway granite and its constituent minerals 
obtained from laboratory batch weathering experiments in different solution are 2.82 x 
10' 14 - 3.30 x 10*12 for Conway granite, 2.06 x 10' 12 - 7.01 x 10' 12 for biotite, 5.21 x 10' 13 - 
5.28 x 10*12 for perthitic microcline, 5.18 x i0*13 - 2.61 x I O' 12 for plagioclase, and 4.18 x 
10*16 - 1.74 x 10‘14 for quartz, respectively. These rates would be in kg m 2 watershed r 7, 
if converted into field weathering rates, 1.41 x 10'1° - 1.13 x 10** for Conway granite,
6.18 x 10*10 * 2.10 x 10*9 for biotite, 1.11 x 10*9 - 1.35 x 10*8 for perthitic microcline, 7.05 
x 10‘1° - 1.67 x lO"8 for plagioclase, and 7.52 x 10*13 - 3.13 x 10*n for quartz.. The 
laboratory weathering rate ratio for a given mineral pairs is very close to the field 
weathering ratio of the same mineral pair, except those involving quartz. This indicates 
that the rate ratio information of paired minerals may be one of the potential ways by 
which the laboratory mineral weathering kinetic information can be used to serve field 
study purposes.
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CHAPTER V
SURFACE REACTION AND WEATHERING MECHANISM
OF CONWAY GRANITE
MATERIAL AND. METHODS
Samples and Sample Preparation
The material used in this study is Conway granite sample 1. Less than 45 pm 
sample was used in the batch method and between 106 to 180 pm material was used in 
the Fluidized Bed Reactor method. For detailed information about sample preparation 
and experiment procedures, see chapter II.
Surface Titration
For this study a modified surface titration similar to that used by Wollast and 
Chou (1992) was chosen. Varying amounts of Conway granite powder were added to 
10.00 ml of distilled deionized water to achieve solid/solution ratios from 0.50 to 29.00 
gLr1. The suspensions were shaken for 10 min. to allow the pH to reach stable value. pH 
was measured with a Coming pH glass combination electrode before and after each run. 
At the end o f each experiment, the Conway granite suspensions were filtered through 
0.20 pm filter and the filtrate analyzed for cations contents, including Na, K, Ca, Mg, Fe, 
and Al. All cations except Al were determined by AA/AE spectrophotometry (chapter II). 
Aluminum was determined by the spectrophotometric method with 8-hydroxyquinoline 
and Butyl Acetate extraction (Bloom et al, 1978).
It is possible for some sample to dissolve during the experiment and this 
dissolution surely increases the cation concentration in the weathering solution. 
Consequently, the mass and charge balance calculation will be influenced. According to
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Wollast and Chou (1992), however, dissolution should not exceed 1.5% o f the cation 
release. The low dissolution was supported by our Si contents in weathering solutions in 
which the Si content was below the detection lim it Therefore, the content of Si in our 
experiment was not monitored.
The inorganic carbon content, which also influences the mass and charge balance 
calculation, was not analyzed. Wollast and Chou (1992) found that the concentration of 
total inorganic carbon was always between 7 and 12 \xmolLrl, even for experiments 
performed with sample pretreated under a moist CO2 atmosphere. Since our experimental 
conditions affecting inorganic carbon content, such as temperature and pressure, are 
similar to those in Wollast and Chou’s (1992), we used the average of 8 \xmolLrl as the 
total inorganic carbon content in our calculations.
Surface Reaction and Surface Speciation
Theoretical Considerations of Surface Reaction
There are three fundamentally different types o f reactions which may occur during 
the initial stage of mineral weathering by acid solutions (Chou and Wollast, 1985;
Wollast and Chou, 1992; Blum and Lasaga, 1988, 1991). In the case o f Conway granite, 
the three types of reactions are as followings:
1) Exchange and/or desorption reactions involving alkali and alkaline cations.
where =(Al,Si)-M is a cation site accessible for exchange with solution and =(Al,Si)‘ is 
an unfilled and negatively charged cation site.
RESULTS AND DISCUSSIONS
=(Al,Si)-M + nH + =(Al,Si>nH + M 
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2) Adsorption and desorption o f H+ from the surface terminal oxygens. The 
surface oxygens occur at tetrahedral framework termination planes. These surface 
oxygens are usually rapidly hydrated by atmospheric or aqueous water (Her, 1979). 
Sorption reaction at these sites create surface charge on Conway granite grains.
where =(Al,Si>0* and =(Al,Si)-OH2+ are negatively and positively charged dangling 
oxygen of Si and/or Al on the surface.
3) Adsorption reactions at surface bridging oxygens. Examples include
Bridging oxygens on silicate surface tend to be highly hydrophobic (Iler, 1979) and, 
therefore, adsorption at these sites is weak and undetectable (Blum and Lasaga, 1991).
Mass and Charge Balances of the Initial Reaction of Conwav Granite
Comparing the composition of the solutions obtained after 10 min reaction of 
Conway granite with pure water (Fig. 5.1) with the chemical composition of Conway 
granite (Table 3.3), it is apparent that the dominant reaction is release of a large excess of 
non-network former cations, particularly Na and K, compared to Al. The preferential 
releases o f non-network former cations have been mainly attributed to the fast exchange
=(Al,Si>OH -► =<Al,Si>0* + H+ 








— Al S i -
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reactions with H+ (Eq. 5.1) and to cation desorption (Eq. 5.2) (Wollast and Chou, 1992; 
Chou and Wollast, 1985). H+ desorption (Eq. 5.3) is not likely to play an important role 
under our experimental conditions (about neutral pH), as will be discussed later in the 
chapter. The concentration of the negatively charged mineral surface sites can be obtained 
from the charge imbalance in the aqueous phase. In order to calculate this imbalance the 
speciation of all dissolved elements must be taken into consideration. Under the pH 
condition of this experiment, A1 should be predominantly present as AI(OH)4* (May et al, 
1979; Wollast and Chou, 1992) and Si dissolution can be ignored because of the short 
weathering time. In addition, further correction should be made for the charge 
contribution from the bicarbonate ions. The concentration of bicarbonate ions is 
calculated by using the first dissociation constant o f carbonic acid, the total inorganic 
carbon content as discussed in the method and material section, and the pH of solution. 
The charge imbalance C± can be calculated from equation
C± = z  »/ Ci - C OH- -C AI(OH)4 - - C HC03- (5.5)
where h, is the charge and C, the concentration for cation /.
Fig. 5.2 shows the amount of OH' produced during the reaction calculated from 
the pH change during the experiment and corrected for the initial presence of a small 
amount of H2CO3. It appears from these calculations that the exchange reaction (Eq. 5.1) 
contributes only partially to the release of cations. Fig. 5.3 shows the calculated charge 
imbalance as a function of the solid/solution ratio. It seems that most o f the cations 
released during the experiments come from the formation of negatively charged species at 
the surface of the Conway granite grains (Eq. 5.2) and not from the exchange reaction 
(Eq. 5.1). The same conclusion was obtained by (Wollast and Chou 1992) from a study 
on albite.
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CalcuiatsdJlistribtttioiLQLVarious Surface Species
For the sake o f simplicity, the equivalent concentrations o f various sites 
=(Al,Si)M, =(Al,Si)H, and =(Al,Si)‘ were used in following calculation, expressed in p. 
molL'1 and denoted by Cxm, Cxh and Cx-. To maintain the electrical neutrality condition, 
the equivalent concentration o f =(Al,Si)~ sites, Cx- must satisfy the relationship.
Cx- =C± (5.6)
The equivalent concentration of =(Al,Si)H sites, Cxh, can be calculated from 
Cxh = Z  nj Cj - Cai(oh> - Cx- (5.7)
C aj(oh)- corrects the error introduced by the dissolution of a minor amount o f Conway 
granite. In terms of surface chemistry, it is important to express concentrations as number 
of sites per unit area of solid and mole fraction. If m is the mass (g) o f  Conway granite 
used, S (cm2g’1) the specific surface area of Conway granite sample, and V the volume of 
solution, then for each surface species the density (|xmolmr2) is given by
ni = (Q V )/(m S ) (5.8)
The results o f these calculations for =(Al,Si)H and =(Al,Si)' sites are presented in Table 
5.1. As the solid/solution ratio decreases, the total number o f =(Al,Si)H and =(Al,Si) '1 
surface sites increase because of the greater amount o f  protons available per unit solid 
surface area. One may thus conclude that as the solid/solution ratio approaches zero, all 
the cation exchange sites would react.
no *  lim ( nx. + « x h )  (5.9)
m/v -» 0
where n0 is the total surface density and m/v is the solid/solution ratio. The apparent total 
number of Conway granite surface sites obtained with this extrapolation is equal to 8.145 
X 10' 5 molmr2. Since the total number o f sites is now known, it is easy to calculate the 
mole fraction of each surface species present after the initial reaction.
Xi = ni/no and I X ;  = 1 (5.10)
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Table 5.1 further shows that the negative charged sites on Conway granite surface 
are created by the desorption reaction and H+ exchange reaction only plays a small role. 
From surface titration of albite, Blum and Lasaga (1991) has suggested that the negative 
charges at the surface are created predominately by the deprotonation of A1 sites resulting 
from the hydration of surface oxygen at the mineral surface (Eq. 5.3). The results in Table 
5.1 do not support this hypothesis. The number of potential A1 sites and, consequently, 
the surface oxygen sites must be proportional to the amount of solid in contact with the 
aqueous phase. When the amount o f solid is increased, the concentration of OH' produced 
in the solution should also increase (Fig. 5.3). These two factors should results in an 
enhanced formation of negatively charged complexes with increasing amount of Conway 
granite added. The result, however, shows the opposite in that the concentration of 
negative sites per unit weight of sample decreases when the amount of solid in the 
aqueous phase is increased. On the other hand, if  the negative sites coincide with the 
exchange sites of non-network former cations, there should be a competition at the 
surface between =(Al,Si)M, =(Al,Si)H, and =(Al,Si)* sites, the distribution of which 
depends on the pH, the concentration of cations, and the surface area of the solid. The 
mole fraction data of these surface species (Table 5 .1) do show a site competition trend 
on Conway granite. Therefore, the desorption reaction (Eq. 5.4) plays a minor role in the 
creation of negatively charged species in Conway granite weathering.
Residual Laver Formed During Conwav Granite Weathering
A fluidized bed reactor (FBR) was used to study the chemical properties of 
residual layer formed during Conway granite weathering process. The FBR method 
originally was used primarily for the mineral weathering rate studies, but it can also 
provide information on the residual layer formed during weathering process. It has 
advantage over other methods such as batch and surface titration because it avoids 
secondary precipitation during the weathering process and the weathering can continue
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Figure 5.3 Calculated charge imbalance during the reaction of Conway granite with 
pure water at different solid/solution ratios
30.00
until a solid residual layer is formed (or as long as one would like).
Sodium release during the FBR weathering of Conway granite is shown in Fig. 
5.4. All other elements have a similar release pattern. The weathering was rapid after each 
change in solution followed by stabilization to a constant (stable state). From the 
elemental release rates one can calculate the weathering rates o f Conway granite and its 
constituent minerals at any moment during the weathering process. We used Ca release 
rate to calculate the weathering rate of plagioclase, Fe and Mg release rates for biotite, 
and K release rate, after correction for K release from biotite, for perthitic microcline. The 
correction was made according to the weathering rate of biotite and its content o f K. Al 
and Si release rates can be used to calculate the weathering rate o f  the whole Conway 
granite sample. For detailed information, refer to chapter III. Table 5.2 shows the 
weathering rate comparison for Conway granite and its minerals between batch and FBR 
methods. The weathering rates in the FBR method are about 2-5 times higher than those 
in the batch method. This is mainly due to the continuously diluted weathering solution in 
the FBR method, which increases the dissolution rates.
Table 5.2 Weathering rate comparison o f Conway granite and its minerals in 
batch and FBR weathering (kg m*2 s*1)
Minerals Batch Method FBR Method
Biotite 7.01 X 10*12 1.3790 X 10*11
Plagioclase 1.43 X 10-12 7.0680 X 10*12
Perthitic Microcline 1.84 X 10*12 6.2147 X 10*12
Conway Granite 2.25 X 10-12 1.1478 X 10*11
From the total amount of an element released and the surface area, it is possible 
to calculate, at any time, the thickness of the altered layer on the surface from which the 
element has been removed (Chou and Wollast, 1984). Briefly, a mineral’s molar volume 
for a constituent element can be calculated from the elemental content and the mineral
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Figure 5.4 Elemental release rate Crum Conway granite weathering by FliK  “  ‘23
gravity. The total amount of the element release at a given time is divided by the molar 
volume to yield the total volume from which the total amount has been released. Because 
the mineral surface area is known, the thickness of weathering mineral surface can be 
easily calculated. For a multi-mineral system like Conway granite some assumptions 
must be made. First, we assumed that the Ca release comes solely from plagioclase and 
Mg and Fe are released solely from biotite. Potassium release was used to calculate 
perthitic microcline after correction for K release from biotite. The amount of K release 
from biotite is calculated from the Fe release and the Fe/K ratio in biotite, obtained from 
the total chemical analysis of biotite. Because A1 and Si can come from all minerals, it is 
assumed that Al and Si are released from an uniform mineral surface having the Conway 
granite chemical composition. This assumption seems less reasonable for Si than for Al 
because Si is primarily in quartz, and quartz has much lower weathering rate. Quartz in 
Conway granite is, however, mainly smoky quartz which has a higher Al-Si substitution 
than does other quartz (Deer et al, 1992). It may also have a higher weathering rate.
The thickness of the residual layer calculated using above assumptions and the 
total released amount of various components from Conway granite after 1160 hours FBR 
weathering is presented in Table 5.3. For biotite, the thickness of the layer from which all
Table 5.3 The thickness of residual layer on the weathering grains after 1160 hours 
_______weathering ( A)_____________________  _________ ____
Minerals Calculated from 
major cation release
Calculated from Al 
release
Calculated from Si 
release
Biotite 94.56 22 .66 57.24
Plagioclase 65.16 22 .66 57.24
Perthitic Microcline 37.92 22 .66 57.24
Fe has be removed is about 92 A and that for Al is 57 A while all the Si in a layer of
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about 23 A has been dissolved. Fig. 5.5 is a schematic representation of this 
interpretation. Interestingly, the thickness of Al depleted layer is greater than the K 
depleted layer in perthitic microcline. This seems unlikely because Al is usually more 
difficult to remove by weathering than is K. There are two possible explanations. 1) the 
uniform surface assumption and the potassium correction calculation are not correct. 2) 
the K undergoes reverse diffusion and internal fixation, as show in chapter I. The data in 
this study is too limited for a definitive conclusion, and it is good topic for further study.
This experiment does show that an altered layer can be built up during the 
Conway granite weathering process. Considering Conway granite has a heterogeneous 
surface and its constituent minerals may have dislocations or other defects, the residual 
layer is likely to be thicker in some places than in others. This residual layer is one of 
factors for K fixation to occur as will be shown later.
Conway G ranite Weathering Mechanism
The Conway granite weathering mechanism apparently involves three successive 
steps: 1) instantaneous exchange of alkali cations by hydrogen ion, resulting in a 
protonated surface layer and rapid desorption of non-network former cations. This results 
in negatively charged species (sites); 2 ) gradual build-up of a cation depleted layer, 
relatively enriched in Si and/or Al. A residual layer o f changed bonding environment and 
loosened crystal structure is formed; 3) slow dissolution of the residual layer at the solid- 
solution interface, accompanied by diffusion of cations from fresh rock surface to solid- 
solution interaction boundary. Reactants counter diffusion in the in reverse direction. 4) 
K reverse diffusion and internal fixation exists during the whole weathering process; 5) 
surface reaction and diffusion coexist in Conway granite weathering, and they play 
different roles at different weathering stages and in different weathering solutions.
The surface titration data have clearly shown that the first step in Conway granite 
weathering is an instantaneous exchange o f non-network former cations with hydrogen,
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\ \ \ \ \ \
Si + Al
FRESH GRANITE
+ Al + Cations
Fig. 5.5 Schematic representation of Conway granite grain during weathering. The 
shaded area represents the layer in which all components have been 
dissolved. The heavy line represents the surface of the remaining solid after 
dissolution. The dash line represents the boundary between the residual layer 
and the fresh granite
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and the desorption of those cations from their crystal positions. This results in protonated 
and negatively charged sites being formed on the weathering surface. This rapid reaction 
results in a rapid release of cation and makes the initial dissolution of Conway granite to 
be incongruent The negatively charged sites, the changed bonding environment, and the 
loosened structure after cation desorption provide the first of the two factors required for 
K to diffuse into and be internally fixed in the altered layer. The rapid release of 
potassium from all potassium-bearing minerals increases K. activity above the critical 
activity level. A K concentration drop in the weathering solution can not be avoided (see 
chapter I). As the reactions proceeds, a residual layer forms which is depleted in non­
network former cations but is enriched in Al and Si (this chapter). Although this residual 
layer is supported by several single mineral weathering experiments (Chou and Wollast, 
1984, 1985; Wollast and Chou, 1992; Heilman et al, 1990) and by the advanced RNR 
technique (Petit et al, 1987, Schott and Petit, 1987), others found no residual layer on the 
weathering mineral surface, using electron spectroscopic methods (Petrovic et al, 1976; 
Holdren and Bemer, 1979; Berner et al, 1980; Berner and Schott 1982).This 
inconsistency on the residual layer may be caused by the fact that weathering usually 
preferentially occurs at specific sites such as dislocations or other crystal defects (Bemer 
and Holdren, 1979; Holdren and Speyer, 1985).
The initial rapid weathering mechanism prevails only during a short period of 
time. The long-term dissolution of Conway granite, particularly in field conditions, is 
likely controlled by the second slow weathering process. In the single mineral weathering 
system, this slow (steady state) weathering process leads to a congruent dissolution of 
mineral, providing the reaction is given sufficient time (Chou and Wollast, 1984, 1985; 
Paces, 1973). In Conway granite a congruent dissolution seems unlikely because 1) the 
weathering surface is in continuously changing due to different weathering rates o f 
different constituent minerals (see chapter III); 2) some cations preferential dissolve 
under certain weathering solutions (see chapter II); 3) the weathering of different
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minerals is interdependent, due to production o f the same weathering products and 
competition for the same reactants (see chapter H); 4) a secondary precipitation is likely 
when the weathering process reaches a certain point.
K reverse diffusion and internal fixation is a process existing from the start to the 
end of Conway granite weathering. It is most noticeable at the very early stage because at 
the beginning of weathering process, the residual layer builds up and K is released very 
rapidly. In a short period of time a noticeable amount of K is adsorbed and fixed causing 
a measurable change in the K. solution concentration. After the initial stage, the 
weathering process slows along with the creation of new residual layer and the release of 
K from fresh mineral. K fixation is accordingly low. In addition, the K fixed in the newly 
formed residual layer is partially compensated by the K release from K fixation in the old 
residual layer as the old layer dissolves. Therefore, although the K. fixation is not 
noticeable during the slow weathering stage, it does continue. The negative charge sites 
within the residual layer, the loosened structure (Nash and Marshall, 1956a, b), and the 
geometrical advantage of K in the residual layer (see chapter I) make the K reversal 
diffusion and internal fixation possible.
During the Conway granite weathering process, both diffusion layer controlled 
and surface reaction controlled dissolution play a role. The protonated surface species on 
the weathering Conway granite grains surface (this chapter) and the preferential 
dissolution of certain cations in certain solutions (see chapter H) are the strong evidence 
for the surface reaction controlled dissolution. Particularly, the low weathering capability 
of humic acid salt solution compared to its well-known high cation chelating effect 
further supports the surface reaction controlled mechanism (see chapter II). At the same 
time, the indifferent release of Na and K in different organic solutions of the same pH 
provides evidence for a diffusion layer controlled dissolution mechanism. In particular, 
the formation of a residual layer with significant thickness on the weathering granite 
grain surfaces and the negatively charged species (see this chapter) have shown that the
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weathering products and weathering reactants must diffuse through a changed layer to be 
released into solution or to react with fresh surface. Therefore, the two processes coexist 
and are not conflicting, as some literature seems to show (Chou and Wollast, 1984; 
Schott, 1990; Holdren and Bemer, 1979; Petit et al, 1987). They may play different role 
at different weathering stages or in different solutions. For example, at the initial stage, 
the surface reaction, particularly the proton-promoted surface reaction, plays a major role 
while as the weathering process proceeds, diffusion of K, N a , and other products into 
solution and H+, OH', and H2O to the fresh reactive surface may play an increasing role. 
In the case of weathering by organic solutions, particularly by organic substance of low 
molecular weight but high chelating effect, the ligand-promoted surface reaction 
dissolution plays a major role.
In conclusion, in order to clarify the Conway granite weathering mechanism, let 
us image ourselves being inert ions observing the weathering process in the mixture o f 
Conway granite and organic solution of low pH. When the granite grains are dropped into 
the solution, we see that the H+ ions, water molecules, and organic molecules 
immediately adhere to the surface and instantaneously, cations are released into solution. 
Organic molecules seem to be only interested in special “friendly” sites on the surface. 
As the weathering continues, the cation numbers still on the mineral surface is reduces 
but the “holes” left, which seems to be the opening of channel, increases. Very soon, we 
will observe that many cations begin to emerge from those “holes” and at the same time 
we find that some K ions seems not so happy in the solution and return through those 
“holes” into the surface of changed structure. At the same time, we also notice that the 
organic molecules also try to enter through those “holes”, but are sterically hindered from 
doing so. They must work hard on the surface, attacking the Si and Al which are more 
difficult to separate from their crystal neighbors. After a certain time, all the ions become 
less active although they are still busy going back and forth— H2O and H+ go into the now 
more widely opened “holes” and stable numbers o f K, Na, Ca, and Mg emerge from the
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channels. Very soon, we may observe some ions beginning to gather forming a dense 
group as the numbers of ions accumulate. Secondary precipitation will occur soon, and it 
is time for us to get out of there without getting hurt.
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